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INTERACTION BETWEEN POINT DEFECTS IN 
NONSTOICHIOMETRIC COMPOUNDS 

J. B. LIGHTSTONE* and G. G. LIBOWITZ 

Ledgemonl Laboratory, Kennecotl CopperCorporation Lexington, Mass. 02 173, U S A. 

{Received 5 June l%8; in revised form 29 November 1968) 

Abstract -The variation in thermodynamic activity as a function of nonsioichiomeiry was derived for 
binary compounds exhibiting large deviations from stoichiometry. The assumptions were made that 
only one type of point defect is present in high concentrations, and that there arc pair-wise interactions 
among the randomly distributed defects. It is shown that comparisons of experimentally determined 
activities with the theoretically derived relations may be used to deduce the type of point defect which 
is predominantly responsible for the nonsioichiomeiry, and to determine the free energy of interaction 
between the defects. Experimental hydrogen activities in yttrium and cerium hydrides, and thorium 
activities in thorium monocarhide are analyzed in this manner. 


INTRODUCTION 

The presence of point defects in a compound 
will in general imply a deviation from stoichio- 
metry, ft, so that a compound whose stoichio- 
metric formula is MX, may have a real 
composition which corresponds to the 
apparent formula MX^^f^. The positive sign is 
used when the compound has a higher XIM 
ratio than the stoichiometric composition, and 
the negative sign is used when the XIM ratio 
is less than the stoichiometric ratio. It has 
been shown in previous papcrsll,2J that, 
neglecting electronic defects, for noninter- 
acting, randomly distributed atomic point 
defects, the functional dependence of the 
thermodynamic activity of one of the com- 
ponents (e.g. of A" I on 6 is characteristic of the 
types of point defects which are present. This 
characteristic dependence was used to identify 
the defects in and CeCd,i_,6, 

which have moderately large deviations from 
stoichiometry in the 0*01“0*26 range. 

For systems exhibiting relatively large 
deviations from stoichiometry, interactions 
between defects become important. In the 
present paper, the previous treatment! 1] is 
extended to include the possibility of inter- 


*Prescnt address: Union C arbide C orporation, Linde 
Division, P.O. Box 44. Tonawanda. N.Y. I4I.H). U S A 


action between like defects. A comparison of 
the theoretically derived variation of activity 
with nonstoichiometry with that determined 
experimentally is then used to characterize the 
defect structure of various compounds, and 
also to provide information on the free energy 
of interaction between like defects. 

THEORETICAL TREATMENT 
There are six possible types of simple point 
defects which may occur in a compound of 
stoichiometric formula MX,. They are M 
vacancies, X vacancies, M interstitials, X 
interstitials, M substitutionals, by which is 
meant M atoms on normal X sites, and X sub- 
stilutionals. The total free energy, O', of a 
crystal having an arbitrary defect structure 
may be written: 

Cl = (j{N . N VM)' ^ l/( V>* 

( 1 ) 

where N is the number of M sites, N is ihe 
number of M atoms on M sites, Ni^ is the 
number of M atoms in interstitial sites, and 
/V\/(V) is the number of M atoms in substitu- 
tional positions. dnd /V^iiu the 

corresponding A" quantities. 

An expression for the free energy . ( / . ill be 
made up of four sets of terms: (1) the free 
energy of the ideal perfect crystal, which is 
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considered lo be the starting material; (2) the 
free energy change, other than that arising 
from changes in the configurational entropy, 
when isolated simple point defects are formed 
by adding or removing atoms between the 
petfect crystal and reservoirs of M and X in 
their standard slates; (3) the free energy of 
interaction between point defects; and (4) the 
configurational entropy of distribution of the 
defects on the various sublaitices. The dis- 
tribution of electrons and holes will be 
neglected. Therefore, the relation will apply 
only lo systems where the defects are un- 
ionized or to metallic compounds where the 
distribution of electronic charge is un- 
important. 

The present treatment, which is a modifica- 
tion and generalization of those used by 
Anderson |3 1 and Libowitzf4], is equivalent 
to a zeroth or Bragg-Williams approximation 
1 5], where it is assumed that despite the 
interaction between the defects, the defects 
are nevertheless randomly distributed, so that 
the number of defect pairs is the random 
number of defect pairs that would obtain in the 
absence of any interaction, and the configura- 
tional entropy will be that for ideal mixing. We 
shall turthcr only consider interaction 
between like defects. 

With these approximations, W'c have that: 

4 (/V " N i/, " N \^ 
f — N ■ /V ^ 

T U( yjgi/i \) + \{\f) 

Z\i (A^ — A/ i/, " N ^ 

tS/V ■■ A \( \)~ A/ ^ 



is the free energy of the ideal perfect 
crystal from which the real crystal is derived. 
There are sN X sites, and aN interstitial sites, 
so that a is characteristic of the crystal 
structure. is the change in free energy 
other than the contribution from configura- 
tional entropy when an iVf atom is removed 
from the crystal to some standard state, such 
as vapor at I atm pressure, to form a vacancy. 
There are (A- Av(,w)) 4/ vacancies 
and ^ vacancies. is 

the free energy of formation of an M interstitial 
by addition of an M atom to the crystal from the 
same standard state of M. is the free 
energy of formation of an M substitutional by 
removal of an X atom from a normal A'-sile to 
X in its standard state, and the addition of an A/ 
atom to that site from M in its standard state, 
g, .e/\ gv{,\n ai'e the corresponding X 
quantities. The symbol ^ is used to denote a 
pairwise free energy of interaction between 
like defects, so that example, describes 

(he pairwise free energy of inleraclion 
between M vacancies, A positive value of f 
implies a repulsion between defects, and a 
negative f an attraction. Zxf is the nunaber of 
nearest neighbor normal M sites suirounding a 
given M site, ix is the coordination number 
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oiX sites by X sites, and Zj is the coordination 
number of interstitial sites by interstitial sites. 
It is further assumed that only one kind of 
interstitial site is available. 

From equation (2), we find that: 


()G% 




^kT\n 

dC 


N 


M(X) 


sN ^ N xiX) ** ^ M(X) 


(7) 






mm 


^ □!/ 
+ ATIn 


[N N — N xau) 




DM JSJ 


N ~ N N,V(,Vf) 


(3) 


DM 


+ ZMt\ 


{N-N 


mm XI 




XiM) 


N 

TT 


where is the chemical potential of Af 
atoms on M sites. Similarly we have that: 


+ kT\n 


Nx, 


t(.Vf) 


^ ^mM) ^X(Mi 


( 8 ) 


ac; 


Ma'(.v) ' ^ 




{sN NxiX) ^MiX)) 


^U.v xN 

^XiXi 


i^xixh t^ix> Mmi.y). and piy^v) are the chemical 
potentials of X atoms on X sites, M atoms in 
interstices, X atoms in interstices, M atoms on 
X sites, and X atoms on M sites, respectively. 

At equilibrium: 


+ ATln 


<1C 


^A(A') ^.M(A') 


(4) 


(-] 

[iiNj, 




0 . 


Z^/v/ 


f)A/ 




+ kT\n 




otN N I xf N IX 


(5) 


If we impose this condition on equation (2), 
we have that: 


+ ' 


M/a' 


(IG 

J^y 


(/V — /V \/(V) N \{xn){N 4- N /V Y<\f)) 


N‘^ 


(Nix 


+ /t71n 


-I- 


“vf QV 


Nix 


aN-N,^-Nix 


( 6 ) 


{xN N v( \ ) N XU \ ) ) {.V N + N\(X)-\- Nx^^ \ , ) 
Z vf Vi \) N in \) Zm(x( V ) Nx[ w ) 




^Nxnx) 




{sN ^ N x{X) “ ^.W(A’)) 


2 sN'^ 2 N'^ 

Zi^ix N]x Zf^fiv 

2 (xN'^ 2 

N — NxiiXf) NxiM) 


DA' 


sN 


^kT\n 


N 



io:h 
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Wc also have the following conciitions of 
internal equilibrium: 


M wi ~ f^\n o ~ M-vf 


( 10 ) 


where only one type of defect is predominant 
and the concentrations of all other defects 
may be considered negligible. Therefore, by 
algebraic manipulation of equations (3-13), 
six relationships between Ox and 6 were 
derived, on the assumption that one kind of 
point defect alone contributes to the observed 
nonstoichiometry. It is convenient to discuss 
these relationships in terms of the general 
equation: 


i^i\ (11) 

where yu,/ is the chemical potential of M atoms 
and iJ\ the chemical potential of atoms in 
the defect crystal. Wc may also write: 

fxy ^ k l In (12a) 

fiM - U \n(i\i (12b) 

where (G and arc the ac(ivjlies of .V and M 
relative to the same standard states previously 
considered 

The deviation from stoichiometry in the 
compound is given in terms of (he 

numbers of defects by the relation; 

f ^ \ ) f ^ \{\f) d XI I y 

^ \h U) d ^ \ ^ /}f 

where the negative sign is used for negative 
deviations fiom sioichiomeiry. 

It is therefore possible to compute the 
relationships between activity and <'S, using 
equations (3-13), and to compaie the derived 
relationships with e\penmcnlal data to obtain 
information about the defect structure. In 
order to chaiactcri/c the system, it is sufficient 
to express the relations in terms of the activity 
of only one of the components. We will 
assume that the A' component is the more 
volatile, or the one whose activity is more 
easily measured. 1 hereforc, the following 
discussion will be picsenled in terms of rG.| 
However, a similar ireitiment may be used fur 
the /V/ component and uj,. We will consider 
only larger deviations (Vom stoichiometry 


6) ~ (14) 

where / represents the type of defect assumed 
to be present in predominant concentration, 
is some function of and ft, which is different 
for each type of assumed defect, /. /;, is a 
constant, containing the formation energy, 
of the defect /. q, is another constant, contain- 
ing the pairwise interaction energy, be- 
tween / defects, and .v, is some function of ft, 
also characteristic of the nature of the defect i. 
A plot of y, vs. T, should therefore yield a 
straight line if, and only if, we do in fact have i 
type defects present. In this way the nature of 
the point defects present may be identified, 
and the free energy of interaction, may be 
determined from the slope of the line, q,. For 
positive deviations from stoichiometry the 
relations arc as follows: 

M vacancies 

If we eliminate from equations (4) and 
(9) and use equations (1 1-13), we obtain: 

/z.u^u.My(2i + 8) c 
(2.v;-7' ) (j + S)-' ■ ' ' 

X interstitials 

From equations (6), (II), (12) and (13) we 
have that: 
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X substituiionals 

Multiplying equation (4) by s and adding 
equation (8) yields [in view of equation (II)]: 

(.V + 1 ) fix ~ “(a'dw ' 1' In 


\sN — /V \(vi/ N — ~ 




VI .W) 


N 



1 Z/^IM ^ 

i8(2.v-S) 

skT 

\2askT, 



M substituiionals 

Equations (3) and (7) may be set equal to 
each other according to equation (10). If we 
then substitute the expression for ^Q^^^obtained 
^rom equation (9) and the expression for 
obtained from equation (4) into the resulting 
equation, we get the following relation [using 
equations (12, 13)]. 


Substituting the expression for 
obtained from equation (9) into the equation 
above, and using equations (12) and (13) leads 
to the following relationship: 

1 

Zm^x(M) 5(2^-"F5+2) 

2(aH - \)kT (j+I+6)2 ■ ^ 

For negative deviations from stoichiometry, 
we have the following relations: 


X vacancies 

From equations (4, 1 1-13), we find that: 


In 



kT skT 


m 


M interstitials 

Equations (3) and (5) may be set equal to 
each other according to equation (10). If we 
then substitute the expression for ^^^^^obtained 
from equation (9) and the expression for 
obtained from equation (4) into the resulting 
equation, we get the following relation [using 
equations (12) and (13)]. 

In (iji + ~ In 


a"(.v-6)«6 


(aj — a5 — 


ln«Y‘F^lnl(5'+j-j8)6'^*]'ln(.v+l)(.s-6) 

_ Zx^MiA) '\ 6(25 + 2 “ 8 ) 

{s-¥\)kT \2s(s-h\)kT) (aH-1-8)^' 

( 20 ) 

COMPARISON WITH EXPERIMENTAL DATA 
Yttrium dihydride 

The rare earth dihydrides exhibit very large 
deviations from stoichiometry, and in cases 
such as yttrium hydride, where the non- 
stoichiometry may be as high as 50 per cent 
(6=10), the simple relations[2] derived 
under the assumption of no interaction are not 
applicable. In this paper, equations (18-20) 
are applied to the activity data of Yannopoulos 
et fl/.[6] for negative deviations from stoichio- 
metry in yttrium dihydride. Figure 1 shows 
graphs of y, as a function of jr, (according 
to equation (14)) at 65I®C for various 
assumptions of the nature of the defect. 

It can be seen that only for the case of 
hydrogen vacancies is a straight line relation- 
ship obtained. For yttrium interstitials, the 
plot of y, vs. X, shows a deviation from the 
straight line (indicated by the dashed curve) at 
lower values of Xt, In the case of >' substi- 
tutionals the curvature is more pronounced. 
The inference, therefore, is that the non- 
stoichiometry in YHo-r is, not unexpectedly, 
due to hydrogen vacancies. 

In the plot of vvj/j vs. the point at 
lowest 6 does not fall on the straight line. Such 
deviations of the theoretical curve from the 
experimental points are to be expected at 
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8(6 -&)/(?.- S)2 

]. (jTdph i)f V, \, iiL'cojdin^ 1(1 L'ljLJiiljon (14) for 
)]I, i, al 65r'( cakul.iicd honi \hc hydiogen activity 
data ol ^'annopoulos ct ai |6) 

lower values or<S because Ihe assumption was 
made in deriving the theoretical relations that 
only one type of defect is present in pre- 
dominant concentrations; this is not true in the 
vicinity of the stoichiometric composition. 
The stoichiometric composition does not 
imply a periect crystal, but rather that there 
are two opposite types of defects present in 
equivalent concentrations. (These are usually 
referred to as intrinsic defects.) Therefore, as 
the stoichiometric composition is approached, 
the concentration of the second type of defect 
becomes significant and the assumption that 
only one type of defect is present is no longer 
valid. 

Similar comparisons between equations 
( 18 - 20 ) and experimental data at 60 T, 701°, 


750°, 800°, 850°, 899 and 949°C were also 
made. Since the intrinsic defect concentration 
increases with temperature, the value of 8 at 
which the experimental points start to deviate 
from the calculated curve also increases. In 
addition, at very high deviation from stoichio- 
metry {8 > 0-65), the simple Bragg-Williams 
random distribution model no longer holds, 
and deviations from straight line behavior also 
occur at high values of 5. It was found that 
the region of applicability of these relations 
varied from 6 = 0-30-0 60 at 60rC to 0-40- 
0‘65 at 949°C. Figure 2 shows a comparison of 
experimental data with calculated curves at 
949°C. 

The free energy of interaction between 
hydrogen vacancies, may be calculated 
at each temperature from the slopes, in 
equation (14). The interaction energy was 
found to be negative, which implies attraction 
between vacancies, and to decrease linearly 
with temperature as shown in Fig, 3. From 
this curve, values of ~ 2 35 kcal/mole and 
-i*37ca]/deg mole were calculated for the 
enthalpy and entropy of vacancy pair forma- 
tion, respectively. This latter value may be 
interpreted as the change in vibrational 
entropy in the crystal on formation of vacancy 
pairs from single vacancies. 

Cerium dihydride 

In order to illustrate the application of 
these relations to compounds exhibiting 
positive deviations from stoichiometry, equa- 
tions (14-17) were used in an analysis of the 
activity data of Lundin[7J on cerium hydride. 
This is shown for the 300°C isotherm in Fig. 4. 
Although the differences are not as great as in 
the case of yttrium dihydride, curvature is 
observed for the cerium vacancy and hydrogen 
substitutional defect models while a straight 
line is obtained with the assumption of hydro- 
gen interstitials. The deviation of the point al 
6 = 0*40 from the straight line is probably due 
to the breakdown of the random distribution 
of defects approximation at large defect 
concentrations. Isotherms at 400°, 500°, 550°, 
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'iz 36” 39 '42 45 -48 51 S4 ‘&r”60 -66 


*y(H) 

Fig. 2. Graphs of V( vs. xt according lo equation (14) for 
at 949®C, calculated from hydrogen activity data of 
Yannopoulosrr(i/.[61. 


6t)0® and 650T also gave best agreement with 
the interstitial hydrogen model. More pro- 
nounced ditferences in curvature among the 
three defect models are observed at higher 
temperatures as illustrated by the 55()°C 
isotherms in Fig. 5. Thus, il may be assumed 
that interstitial hydrogen is the predominant 
defect at large positive deviations from 
stoichiometry in cerium hydride. This is in 
accordance with neutron diffraction [8] and 
NMR studies [9] of the rare. earth dihydrides. 
The points at low values of 8 fall on the straight 
line at temperatures up to 650T, which implies 
lower intrinsic defect concentrations than in 
yttrium dihydride. 

The computed values for the free energy of 
interaction between hydrogen interstitials are 
shown in the second column of Table 1, At 


Table 1. Hydrogen intersutial 
interaction energies in cerium 
dihydride 


Temp, Interaciion energy (kcal/mole) 
(T) Lundin KorslandWarf 

M) 

0-42 


400 

0-30 


500 

0 22 


550 

0-20 

021 

600 

0-17 

019 

650 

OIK 

0 15 

700 


0 19 

750 


0 22 


lower temperatures, the interaction energy 
decreases with increasing temperature as it 
does for vacancies in yttrium dihydride* At 
temperatures above .S00°C, however, the 
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hij: } ^ empcruliire variation of inieraclion energy between 

hyiJjLigen vacancjCMn yitiiiim dibydridc. YH^ 


interaction energy appears to remain constant 
at about ()-2 kcal/mole. Interaction energies 
calculated from the activity data of Korst and 
Warf|10| are also shown in 'Fable 1. Since 
there was a greater degree of scatter in their 
data, it was not possible to differentiate among 
the three types of defects by observing the fit 
to a best straight line as in Figs. 4 and .S. 
Nevertheless, assuming that the defects were 
hydrogen interstitials as indicated by Lundin’s 
data, it was possible to calculate the inter- 
aclion energies shown in Table I. It is seen 
that these values are in good agreement with 
those obtained from Lundin's data. 

Whereas there was an attraction between 
vacancies in yttrium dihydride, in the case of 
cerium dihydride, the positive interaction 


energies correspond to repulsion between the 
hydrogen interstitials. 

Thorium carbide 

Thorium monocarbide has the NaCI-type 
structure and is normally carbon deficient 
with a homogeneity range of about ThCj^,) 
to ThCo.i,:, at temperatures below I350°C[111. 
More recently, Satow[12] observed a homo- 
geneity range of ThC,, 70 to ThC{, at 1 000^- 
1200°C. 

In this compound, thorium is the component 
whose thermodynamic activities are more 
easily measured. Therefore, in order to 
analyze the activity data of Satowfl2] in 
terms of equations (15-20), it is more con- 
venient to write the formula of the compound 
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■02 04 06 *08 -10 -12 *14 *16 *18 -20 -22 *24 
= S(6+S)/(3+8)^ 


Fig. 4 Graphs of y, vs j, according lo equation U4) for 
at 3(K)°C\ calculated from the hydrogen activity data of Lundin [7], 


as such that carbon corresponds to 

the A/, and thorium to X in these equations. 
Comparison of the data at !()00°K with 
equations (15^17) is shown in Fig. 6, Except 
at 6 = 0*086 (.Vgr - 0*154) where the concen- 
tration of intrinsic defects is probably signi- 
ticant, the experimental points are in best 
agreement with the carbon vacancy model. 
This is in accordance with the results of 
density measurements [12] which also indicate 
that carbon vacancies are the predominant 
defects in nonstoichiometric thorium mono- 
carbide. Data at 1 1(KT and 1200°K give curves 
similar to those shown in Fig. 6. 

The interaction energy between carbon 
vacancies was found to be positive and 
independent of temperature over the range 
1000°*-12(X)°K as shown in Table 2. The 


Table 2. Carbon vacancy interaction 
energies in thorium monocarhide 


Temp, 

Ic 

rio 

(kcal/mole) 

UXH) 

iO-5 

1100 

9-6 

1200 

10 0 


positive value implies a repulsion between 
carbon vacancies. 

DISCUSSION 

The theoretical development followed here 
and in 11] differs in one important respect 
from those commonly given. Previous treat- 
ments do not list the complete set of inde- 
pendent variables specifying the configuration 
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of the crystal; the number of sites is usually 
considered to be constant. As a result, one 
relationship defining the equilibrium situation 
is lost. Here we recognize /V as a variable, 
obtaining equation (9) when G is minimized 
with respect to it. The essential role of equa- 
tion (9) is that of providing a relationship 
between the activities of the two crystal 
components. The net result is that a different 
functional relationship between thermo- 
dynamic activity and deviation from stoichio- 
metry is obtained for each type of defect. 

At very low deviations from stoichiometry, 
the interaction between defects can usually be 
neglected and the expressions involving 
activity and 6 given in [1] are applicable. 
However, if the interaction energy is large, the 
interactions must be taken into consideration, 
particularly at larger values of ^ as indicated 
by the last term in equations (15-20). This is 
illustrated in Fig. 7, 


As mentioned on page 1030, the Bragg 
Williams random distribution assumption does 
not hold at very high deviations from stoichio- 
metry in the vicinity of a phase boundary. One 
would also expect the relationships derived in 
this study to be valid only for low values of 
^IkT, This condition is met by YHiHIkT ^ 
0'3) and CeH:;(^/AT - 0- 1). However, the fact 
that the equations are applicable to thorium 
monocarbide, where the calculated value of 
^IkT appears to be 5 at 1()00°C, is surprising. 

Finally, it is of interest to compare the 
values of the defect interaction energies for 
hydrides obtained here with those computed 
for similar type hydrides by other investi- 
gators. Takeuchi and Suzuki 1 13] calculated 
defect interactions in both hydrogen deficient 
and hydrogen excess plutonium dihydride 
from the hydrogen activity data of Mulford 
and Sturdy 1 14J. Assuming that the hydrogen 
deficiency was due to empty tetrahedral sites, 



Fig. 7. Camparison of experimental hydrogen activities in 
yttrium and cerium hydrides at 65(TC with activities 
calculated assuming both interaction between defects 
(solid lines) and no interaction between defects (dashed 
lines). 
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they obtained an expression similar to equation 
(IS), if their interaction energies are put in 
terms of equation (18), the value calculated 
for the vacancy-vacancy interaction is -1-7 
kcal/molc and is approximately temperature 
independent over the range 5(X)‘'-700'^C. This 
is comparable with values of -I 3 to -l-O 
kcaJ/moIe for vacancies m yttrium dihydride, 
Similarly, their value for interstitial hydrogen 
interaction energy corresponds to a tempera- 
ture-independent 0-33 kcal/mole in the 
temperature range 3()()‘'-500"C. This value 
appears to he in agreement with the average 
value given in Table 1 for cerium dihydride in 
that temperature range. More recently in a 
study of lanthanum dihydride, Messer and 
Hung|]51 obtained hydrogen interstitial 
interaction energies ranging from 0'3()kcal/ 
mole at 250T (o 018 at I hesc values 

arc slightly lower than the values for cerium 
hydride at the corresponding temperatures. 
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ETUDE PAR RAYONS X DE LA DILATATION DE 
NaCl A HAUTE TEMPERATURE 
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Resume -Nous avons mesure la dilation Ihermique lineairc par diffraction de rayons X sur des 
monocrislaux de NaCl entre la temperature ambiante et 770‘'C (prfes du point de fusion) On montre 
que la dependence en temperature de la dilatation thermique de NaCl a des temperatures sup^rieures 
^ 550°C, peut se relier a la concentration de paires de lacunes libres gener^^s thermiquement (defauts 
de Schottky). Nous avons separe dans la dilatation thermique le lerme d(j aux defauts, cette partie 
‘anomalc’ croit exponentiellement avec I/r®K, et on determine une 6nergie d’activation de 2 eV qui 
est en bon accord avec celle deduite des etudes de conductiviie ionique. Nous discuions les ordres de 
grandeur des differcnls termes qui interviennent dans [’expression de la parlie ’anomale’ du coefficient 
de dilatation thermique 

Abstract- Linear thermal expansion has been measured by means of X-ray diffraction on single 
crystals of NaCl between room temperature and 770T (near the melting point) It is shown that the 
temperature dependence of the thermal expansion of NaCl at temperature above 550°C can be related 
to the concentration of thermally generated free vacancy pairs (Schottky defects) We have separated 
in the thermal expansion the term due to defects; this ‘anomalous’ part increases expcmcntially with 
\IT°K and has an activation energy of 2eV in good agreement with the activation energy deduced 
from studies of ionic conductivity. We also discuss the order of magnitude of the different terms that 
contribute to the ‘anomalous’ part of the thermal expansion. 


INTRODUCTION 

Dans de nombreux solides cristallins la 
dilatation thermique presente a haute tem- 
perature une anomalie attribuee a la formation 
acceleree de defauts ponctuels a I’approche de 
la fusion. 

Pour les halogenures alcalins les mesures du 
coefficient de dilatation effecluees ne sont pas 
toujours concluantes en ce qui concerne la 
creation de paires de Schottky. 

Fischmeisler[l] a mesure ie paramelre de 
NaCl poiycristallin par des techniques pholo- 
graphiques et diflfraclometriques. Le compor- 
tement qu'il observe a haute temperature 
semble incompatible avec Tinterpretation liee 
aux defauts ponctuels. II explique ses resultats 
dans un simple modele de GruneVsen. Fletcher 
[2] a montre que Tanalyse utilisee par Fisch- 
meister n’etait pas assez sensible pour garantir 
cette conclusion. 

Parmi les autres mesures du coefficient de 
dilatation qui ont ete publiees nous noterons 
les determinations du coefficient macro- 


scopique a effectuees par Eucken et Dannohl 
[3], grace a des mesures de variations de 
capacite, et par Enck et Dommel[4) avec un 
dilatometre automatique enregistreur. 

Merriam et fl/.[5] ont interprete la variation 
de a rapportee par Eucken et ai a haute 
temperature comme resultant de la somme de 
deux termes, une contribution normale et une 
contribution anormale attribuee aux defauts 
de Schottky. Ils en ont conclut a la necessite 
de nouvellcs mesures de paramelre crislallin 
et dc conductivity yiectrique aux environs du 
point de fusion. 

Nous rapportons ici les resultats de la 
premiere partie de notre etude sur la deter- 
mination de paramelre du NaCl monocris- 
tallin. 

METHODE EXPERIMENTALE ET RESULTATS 

La chambre chauffante adaptee au diffracto- 
metre Philips a axe horizontal a dyja eie 
decritefb]. L'echantillon utilise esl une lamelle 
monocristalline de I mm d’ypaisseur el I cm‘^ 
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de section. Ces lamelks soni clivees a pariir 
de monocristaux de 20 cm*^ prepares au 
laboratoire^ par ia melhode de fusion avec 
gradient de temperaluref?]. Le produit de 
depart est du NaCI Johnson et Matthey 
spectroscopiquement pur. 

La temperature esl mesuree par un thermo- 
couple situe a 1 mm au-dessous de I echan- 
tillon. Celui-ci cst mamtenu par des ressorts 
en Tungstens qui conservent ieur elasticite a 
haute temperature. L etalonnage en tempera- 
ture rendu necessaire par le gradient de tem- 
perature entre le thermocouple et la surface 
diffractante du cristal est donne par les points 
de transformation aliotropique de Agl, NH ,C i, 
KDO,. C's(J ct SOjJ.L A iequilibre, la 
lemptVature est stable a niieux qiic ±2T. 

[.a geometric du montage [8] ne nous per- 
met d'etudier qu'une seule rangee du reseau 
reciproque a la fois. Nous avons choisi la 
rangee {hOO} car ellc comporte Ics raies les 
plus intenses du spectre. Le rayonnement 
utilise est du MoKa, qui nous permet d’attein- 
dre la reflexion (1400). L optique dudiffracto- 
metre esl differente de celle utilisee dans la 
montage classiqiie pour poudres: nou.s 
n’ulilisons qu’une fentc de 50 pi a Tentree 
ainsi que les deux systemes de Seller, puisque 
rechanti/ion monocristallin sert de canaliseur. 


Les aberrations classiques en geometric de 
poudre sont ici negligeables. II ne reste que 
I’erreur de zero dont nous tenons compte dans 
I'extrapolation finale pour (I = 90“, de la 
droite ci-f (cotgf^), (Fig. 1). La precision 
relative va de 4X ]0 ^ a 7x JO quand la 
temperature augmente. En effet le facteur de 
Debye diminue fortement Tintensite des raies 
aux grands angles a haute temperature (pour 
la raie (1400) exp-2 M passe de O-l a 20T, 
aO'3xlO-’a763TL 

Nous avons effectue 28 mesures de para- 
metre entre 50°C ei 763T. Le gradient de 
temperature exi slant dans le cristal nous a 
empeches d’effectuer des mesures plus 
proches du point de fusion (80) °C), car la face 
du cristal en contact avec la pJatine commen- 
^ait a fondre lorsque la surface diffractante 
atteignait 780°C. Nos resultats experimentaux 
ainsi que ceux de Fischmeister, sont groupes 
sur la Fig. 2 ou nous avons porte == 

f(T). Jusqu’a 550°C, Aa croit d’une facon 
quasilineaire. Au-dessus de cette temperature 
s’amorce la dilatation anomale que nous 
suivons jusqu’a 770T. Fischmeister n’indique 
pas la precision de ses mesures qui different 
des notres a haute temperature. I) dit cepen- 
dant ne pas pretendre a une grande precision. 
L’etalonnage visuel en temperature de sa 



f'ig. ( Determination du parametre cnstallin de NaCl pur a 5%®C, 

A. 
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chambre pourrait expliquer en partie ces 
differences. 

ANALYSE DE RESUITATS 

L’effet des defauts ponctuels sur Je volume 
du cristal peut provenir soit des effets de taille 
soit de rinfluence du defaut sur la cohesion et 
par consequent sur la coefficient de dilatation. 
L'analyse de Merriam et ai est basee sur 
cette deuxieme contribution. 

La prise en consideration simultanee des 
deux effets est possible dans un calcul simple 
qui permei cependant de controler les ordres 
de grandeur. 

En toute rigueur, dans un modele lineaire, 
on peut ecrire quela variation totale de volume 
observee est a une temperature T i 

dLobs = — d7 + — d/! 
dT dn 

ou encore 


oil a'{T,n) est le coefficient absolu de dila- 
tation thermique a la temperature 7, n le 
nombre total de defauts dans le cristal et 
fiVjdn Texpansion absolue due a un defaut. En 
faisant Tapproximation (da/Sn) = (daVdw) = 
K dans (I) nous separons le terme du unique- 
ment a la temperature, sans creation de 
defauts: 

et 

d Kt. - d F,,, = d [ J" ^ d«]dr + ^ d« 

ou dV^xi est la dilatation thermique sans 
contribution des defauts. II est plus facile de 
raisonner sur les coefficients de dilatation 
thermique car revaluation de a' (7,0), pour 
le reseau parfait, se fait par une extrapolation 
lineaire de la representation a'=/(7) de 
basse temperature, avec da' (7,0)/d7 > 0. 
Finalement: 



d7 H dn 

dn 


(I) 


dr ^ '^dndT' 


( 2 ) 


m 
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Connaisant la loi de variation de la concen- 
tration des defauls avec la temperature n = N 
— { ou est I’energie neces- 

saire pour creer une paire de lacunes libres 
dans le cristal, nous pouvons ecrire (2) de la 
fa^onsuivante: 


dL'7 

It 


A4 


dn kT\ 


N exp" 


IkT 


Nos mesures ne sont pas suffisament pre- 
cises pour pouvoir en tirer un coefficient de 
dilatation instantane. Nous calculerons plutot 
le coefficient moyen de dilatation lineaire rela- 
tive defini par 


est represente sur la Fig, 3 ainsi que Aa partie 
anomale du coefficient de dilatation. Le calcul 
de Terreur commise sur a montre que celle-ci 
atteint 2% dans le domaine de temperature qui 
nous interesse. La coude dans le coefficient 
de dilatation se place a 550°C comme dans les 
mesures de conductivity electrique de Etzel 
et Maurer[9], la purete de leurs echantillons 
etanl comparable a celle de nos cristaux. 

Aa peut etre relie au nombre de defauts par 
I’equation (2) 

OU (nlV) est la valeur moyenne de la concen- 
tration des defauts cre^s dans I’intervalle 
Ar-r-273°K;et 


el a est ainsi directement 

comparable aux donnecs experimenlales et 



exp- 


2kT 


d7. 


a - 


1 Ar/ 


Des integrations par parties successives 
nous permettent d’ecrire: 



Fig. L Variation avec la lemperalure du coefficient de dilatation ther- 
mique moyen du NaCI La iigne continue represenie Textrapolation 
des resultats experimcntaux de basse temperature. 
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Le comporlement 3AaA7 en fonction de la 
temperature dependra de Timportance relative 
des deux termes dans le deuxi^me membre de 
Tequation (4) que nous allons evaluer. Au 
point de fusion T = 1-07 X 10^ °K, (WJlkT) = 
1L2I, Ar=U)74°K et - a(|//^) - 4x 
10 pardegre. 

On peut determiner une valeur acceptable 
de dVjdn a partir des de placements des ions 
premiers voisins du defaut calcules par Brauer 
(10) soit^Q = 0*110et^ffl-0 096. 

En considerant comme Eshelby[ll] la 
dilatation du cristal comme une deformation 
homog^ne elastique isotrope, on obtient: 

AK ^ 47Tci-^y^ avec d'apres[12] y = 

1 +0’(l 


On aboutil (inalement a {dVli\n) - 102 A'*. 
En portant ces ordres de grandeur dans (4) 
nous constatons que le premier terme peut 
etre neglig6 devant le second, 

En consequence le comportement de In 
}^a^T en fonction de MT devraitetrelineaire. 
La pente de la droite obtenue (Fig. 4), nous 
permet de calculer une valeur pour [WJ^) — 
l*00±0-05eV a comparer avec (2*02/2) eV 
valeur admise pour la creation de paires de 
Schottky dans le NaCl. 

II semble done que I'anomalie constatee 
peut se relier a la creation de ces defauts a 
haute temperature. 

DISCUSSION 

La discussion des ordres de grandeur de 
pour une temperature donnee, celle de la 
fusion par example est instructive. 


Temperature 



10^ /rK 

Fig. 4. Dependence logarilhmique de -AiiAT en fonction 
de lOVT. IF, est I’energic de formation d’unc pajrc de 
Schottky 

En negligeant le premier terme dans (4), 
on obtient {niN) - 3 x 10"^ soit le meme 
ordre de grandeur que celui tire par Merriam 
et at. des mesures de Eucken et Dannohl en 
appliquant un modele mis au point pour la 
production de defauts cr6es par irradiation X, 
Etzel et at. deduisent des mesures de 
conductivite electrique une valeur de («/N) - 
1 0“^ a la fusion. Ms ne liennent pas comple du 
facteur multiplicatif, superieur a I qu'intro- 
duit Tentropie de vibration plus forte pour les 
ions au voisinage du defaut. II semble done 
que les mesures de conductivite electrique 
soient a reanalyser et a eiendre plus pres 
du point de fusion, C’est ce que nous enlre- 
prenons actuellement. 
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Abstract “We consider the influence of an adsorbed layer of atoms on the vibrational properties of 
a simple model crystal. The change in specific heat and entropy are computed for arbitrary tem- 
peratures, assuming the defect layer differs only in mass from the atoms in the bulk crystal. The 
Montroll-Potts model of lattice dynamics is used for this purpose. We also explore the existence of 
surface modes above the vibrational band of the host matrix for this model, along with in-band re- 
sonances and low frequency surfaces modes. The results of the specific heat and entropy calculation 
are compared with an expansion valid in the high temperature regime. 


I. INTRODUCTION 

The purpose of this paper is to explore the 
influence of an adsorbed layer of atoms on 
the surface of a three dimensional crystal. 
We employ a simple model of the crystal, 
along with the assumption that the surface 
layer differs from atomic layers in the bulk 
only in mass. The formalism we employ is 
easily applied to more general situations, 
where force constants as well as mass changes 
occur in the surface layer. We feel that the 
simple mass defect layer offers a qualitative 
feeling for the influence of an adsorbed layer 
on the properties of the crystal, while the 
algebra remains quite simple for our model. 

We describe the bulk crystal by the Mon- 
troll-Potts model that has been employed 
earlier in work on point defects in bulk 
crystais[l]. While it is known that for the 
semi-infinite solid, the predictions of this 
model disagree with the theory of elasticity [2] 
because the model is not rolationally invar- 
iant, nonetheless we feel the model gives 
reasonable rough estimates of the changes 


^Supported in part by the Air Force Office of Scien- 
tific Research, Office of Aerospace Research, U.S. Air 
Force under AFOSR Grant Number 68- 1448 
^Permanent address: Institut Superieur d’F.lectronique 
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in the thermodynamic properties associated 
with the defect layer. 

We present an analytic study of the change 
in low temperature specific heat associated 
with the defect layer Numerical computations 
extend this result to arbitrary temperatures, 
for two values of the mass change. The 
change in entropy is also calculated. We 
present the numerical results for the case 
where the mass of the atoms in the surface 
layer is half that of the bulk, and then the 
case where it is twice the bulk value. The 
numerical results are compared to a high 
temperature expansion for the specific heat 
and entropy. The coefficients of the terms 
in the high temperature expansion are also 
given for the Montroll-Potts f.c.c. and b.c.c. 
lattices. 

Also, we find that when the defect layer is 
lighter than the bulk atoms, surface modes 
above the bulk vibrational bands appear. 
These modes are expected to persist in more 
general models. 

All of the computations described above 
are carried out using a Green’s function 
technique. 

The effects of layers of defect atoms on 
crystal surfaces have been investigated 
theoretically for one and two dimensional 
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geometriesl3-5]. In the three dimensional 
crystal, high temperature expansions of the 
entropy have been discussed |6~7]. The only 
experimental work we are aware of which 
deals with localized vibration modes asso- 
ciated with defects on crystal surfaces is the 
work of Pliskin and Eischens[8]. However, 
a number of measurements of the desorption 
entropy have been reported [6]. 

2. (JKNKRAL ('ONSIDERA PIONS 

Let us consider a three dimensional lattice 
of atoms. We consider a large macrocrystal 
in the form of a cube, with sides of length L, 
with periodic boundary conditions applied 
to all physical quantities. If there are N atoms 
in the crystal, with one atom per unit cell, 
we introduce a 3N column vector u, which 
gives the displacements of the atoms from 
their equilibrium position. In the harmonic 
approximation, the time independent equa- 
tions of motion for u assume the form 

(I)-w'l)u-0 (2.1) 

where we introduce the dynamical matrix 
O that depends on the details of the micro- 
scopic forces between atoms, w is the fre- 
quency of the motion, and I the identity matrix. 

We begin by considering a perfect, simple 
cubic crystal with atoms of mass A/. Let 
denote the dynamical matrix of this lattice. 
Then, following Maradudin and Wallis[9], 
we create two (100) free surfaces by setting 
to zero all atomic force constants that de- 
scribe interactions which cross a fictitious 
plane that lies between two (100) planes of 
atoms in the bulk crystal. We denote the 
dynamical matrix of the crystal in the pre- 
sence of the two free surfaces by D*\ and 
write D V‘\ where V ''’ is the perturba- 

tion produced by the ‘bond breaking’ proced- 
ure. Finally, we simulate an adsorbed 
monolayer of atoms by changing the mass of 
the atoms in one of the surface layers, along 
with (he intra-layer force constants, and 
interactions which couple the surface layer 


to the remainder of the semi-infinite crystal. 
We assume the atomic structure of the 
surface layer is the same as a (100) layer of 
atoms in the bulk. We let V ‘ denote the per- 
turbation produced in by the mass and 
force constant changes associated with the 
‘formation’ of the adsorbed layer. Then if 
D is the dynamical matrix of the final crystal, 

D = DHV'. 

It will be convenient to introduce the follow- 
ing Green’s functions 

(ai'I-D"Tfe)-' (2.2) 

G"- (w“I-D"-f-/e) ‘ (2.3) 

and 

G-(w“l-D + /e)-' (2.4) 

where € is a positive, infinitesimal number. 

The functions G"* and G may be con- 
structed from the Green’s function G" of 
the unperturbed crystal by employing the 
relations 

G'‘' = G°(I”G°V') ' (2.5) 

G-G‘^(l-GW-n-‘. (2.6) 

The frequencies of the localized modes 
and resonance modes that arise from the 
perturbations V*'’ and V ‘ respectively may be 
found from the conditions 

Re{det|I~G°V-‘*|} =0 (2.7) 

Re{det|I-G''V"|} ^0. (2.8) 

We shall find it desirable to compute the 
changes in thermodynamic properties of the 
system that occur in the presence of V** and 
VL Suppose we consider a quantity F which 
is a function of the normal mode frequencies 
cj^(q) of the perfect crystal described by the 
dynamical matrix Let F have the form 


F==lfMq)). 


(2.9) 
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The change in the quantity F that results from 
the perturbation V\V^) is given iy Lifshitz 
[ 10 ] formula 

( 2 - 10 ) 

where the phase angle 17 (F) is given by 

7 )s((o) =-Argdet|I-ri°V'^'| (2.11) 
and 

17 , 1 ( 0 )^) = —Arg del (2.12) 

The result in equation (2.10) takes due 
account of localized states, when equations 
( 2 . 11 ) and ( 2 . 12 ) are understood to be the 
generalized phase shifts as employed by 
deWitt [111 and T oulouse [ 1 2]. 

3. PROPERTII‘:s OF THE MONTROLL-POTIS 
MODEL IN IHE PRESENCE OF A FREE SURFACE 

The Montroll-Potts model [1] consists of 
a monatomic simple cubic lattice of atoms, 
with nearest neighbor interactions of an 
especially simple kind. If. u(l) = (u(l), v(l), 
w(l)) is the displacement from equilibrium 
of the atom in lattice site I of the perfect 
crystal, then the potential energy term in 
the Hamiltonian is assumed to have the 
form 


It is well known that the force constants 
associated with the Montroll-Potts model 
fail to satisfy the conditions imposed by 
considerations of rotational invariance of the 
Hamiltonian with respect to rigid body rota- 
tions. Ludwig and Lengelerf2] have pointed 
out that this lack of rotational invariance is 
the source of the disagreement between the 
theory of elasticity, and the long wavelength 
properties of the Montroll-Potts model 
applied to the semi-infinite crystal. Because 
of this, the predictions of the model for 
temperatures very small compared to the 
Debye temperature Op may be of doubtful 
validity. 

In this paper, we will be concerned with the 
influence of the adsorbed layer on the thermo- 
dynamic properties of the crystal at tempera- 
tures comparable to Op. We feel within 
this model, we are able to obtain order of 
magnitude estimates for the quantities of 
interest to us, in this temperature range. The 
simplicity of the model enables much of the 
work to be performed in simple analytical 
form, so it provides a reasonable first approach 
to the problems at hand. 

in the infinitely extended crystal, there is 
one threefold degenerate phonon branch for 
each wave vector k. The frequency of a 
phonon of wave vector k is given by 


I 6 

+ [t;(l)-t;(I + 8 )]H [^I)- w(l + 6 )]“j. 

(3.1) 

This simple form of V allows one to easily 
deduce the form of the phonon dispersion 
curves and eigenvectors of the infinitely 
extended, perfect crystal. A study of the 
influence of a free surface on the properties 
of this model crystal has recently been com- 
pleted [13]. In this section, we recall some 
results of this study, as well as derive the 
form of the Green's function defined above, 
before proceeding to the discussion of the 
influence of an adsorbed layer. 


o)\k) - 


M 


(3 — cos (fj- ~ cos ipjj — cos tPz) 


where M is the atomic mass. ipj. = 

and ip. = A/i. A convenient choice 
of unnormalized eigenvectors is the set 

u,(l) = h, exp(/k • I) 

where = hn-y and n.i = :. We will 
often omit degeneracy indices in the subse- 
quent discussion. 

Now consider the effect of two free sur- 
faces formed between the layers with /. = 0 
and /; = I, by the method described in Section 
2. If (ID is an element of the perturba- 
tion matrix V.y defined in the last section, it 
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is convenient to introduce the Fourier trans- 
formed quantity 


X = 3-cos(pj.-cos(pf,; 


E = 


M 

2/3 


(V 


2 


r/;, 

exp f - / r) + 

since introduction of the free surfaces does 
not destroy the periodicity of the crystal in 
the X and y directions. For the Montroll- 
Potts model, one has the simple form 


and (^ = X~E. The (ireen's function Go^lF 
of the infinitely crystal may be written 

rj: 

exp[/(/^-/;V^+/(/^“/;VJ 


Fnfl Of .T*P :) ““ ^a/j/3 T 

“ (3-3) 

where 5/,' is the usual Kronecker symbol. 

From the criteria in equations (2.7) and 
2.8), for a given and one finds no sur- 
face modes (Rayleigh waves) in this model, 
however there does exist a band of resonant 
modes at the bottom of the bulk band, with 
V?, -0(13]. For a more sophisticated model 
in which the force constants satisfied the 
conditions imposed by rotational invariance, 
one would necessarily find a Rayleigh wave 
model 2 1. Flowever, it is interesting to note 
that in the Montroll-Potts model, one does 
obtain a T~ term in the low temperature 
specific heat that is proportional to the 
surface area, with a coefficient comparable 
to that obtained by Maradudin and Wallis [9] 
in their study of a rotationally invariant 
model. In the Montroll-Potts model, the 
surface specific heat has been computed at 
all temperatures [ 1 3]. The results for the 
surface specific heat, and the entropy are 
given in Figs. I and 2. 

We next compute the Green’s function 
G\ defined above in equation (2.5). When 
the appropriate matrix elements of equation 
(2.5) are taken between eigenvectors of the 
pure crystal G,s will depend on and if^\ 
since translational symmetry in the .r and y 
directions is unaffected, these quantities are 
good quantum numbers. Furthermore, for 
the Montroll-Polls model. i^/fA 

IJA will be diagonal in the cartesian indices 
a and /?. Let us define 


where is the number of atoms in a (100) 
layer. One has 


CT' 


477/3 J „ ^'co^(<p,)-i + k 
M I l 
li f-l 


where 

/=k+iV(l-i'),-l<^<+) (3.4) 

u+V(r-i). ^<-1. 


These three cases correspond to below 
(^ > I), inside, and above (^ < 1) the bulk 
band. 

Then, by employing equation (2.5) and (3.3) 
one easily obtains the result GSa = 
where 

(.;%!:) = c'\L~ 11)+^ 

1 ) - G«(/,) - G"(/;- 1 )] 

^ - - — — — — — ^ 

l-^[Go(l)-G„(0)] 

(3.5) 


For convenience, we have surpressed ex- 
plicit reference to the variables ifj and 
By using the expressions above for it is 
simple to show that 


if Ig and /' lie on opposite sides of the bond- 
cutting plane Ig — ia. Thus, we can remove 
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one half of the crystal from the problem, 
since there are no matrix elements of G'' that 
couple the two halves. Thus, in the rest of 
the paper, we confine our attention to the case 
where both and are greater than unity, 
i.e. both Ig and /j lie in the semi-infinite portion 
of the crystal in the upper half space. For 
both Ig and /' in this range, G^' reduces to the 
remarkably simple form 

+ + /;-!). (3.6) 

4. DYNAMICAL PROPERTIES OF THE ADSORBED 

LAYER IN THE MONTROLL-POTTS MODEL 

In this section, we examine the influence of 
an adsorbed layer of atoms on the dynamical 
properties of the semi-infinite crystal de- 
scribed in the previous section. In a real 
crystal, one may expect the atomic force 
constants within the adsorbed layer to differ 
greatly from their values in the bulk, while the 
force constants that couple the adsorbed layer 
to the remainder of the crystal will also be 
greatly different. While it is in principle 
straightforward to include these effects in the 
formalism, we shall only examine in detail 
the case where the mass of the layer on the 
surface differs from the mass of the atoms in 
the bulk. Force constant changes will be 
ignored in the present work. Since it is well 
known that the stiffening of force constants 
will increase vibrational frequencies, while 
the converse is true if they are decreased, the 
effect of force constant softening near the 
surface may be expected to be qualitatively 
similar to an increase in mass in this region. 
The converse will hold if the force constants 
are stiffened. 

There are two methods by which we may 
introduce an adsorbed layer in our model. 
First, wc may begin with the semi-infinite 
crystal in the space > 0 described at the 
end of the previous section. Suppose this 
crystal contains N atoms. Then we may add a 
layer of Ns atoms to the surface, in a layer 


which has the same atomic arrangement as a 
(100) plane in the bulk, but perhaps charac- 
terized by a different mass or different force 
constants. We may then compute the change 
in thermodynamic properties of the system 
of (Ns^N) atoms. Alternatively, we may 
begin with the semi-infinite crystal, then 
change the masses and force constants in the 
surface region, but retaining the same total 
number of atoms in the system. When one 
computes the thermodynamic properties of 
these two systems, one finds that the thermo- 
dynamic functions of the first system contain 
contributions from Ns additional bulk atoms. 
This is quite obvious physically, nonetheless 
we provide a check of this statement in the 
discussion in the Appendix. 

We shall adopt the second of the two ap- 
proaches described above, since the change in 
the Hamiltonian introduced by the creation 
of the adsorbed layer may be described by a 
perturbation as described in Section 2 
without the need for introducing new dynam- 
ical variables. As mentioned above, we sup- 
pose the adsorbed layer differs in mass from a 
bulk layer, but for simplicity we ignore 
changes in force constants and atomic arrange- 
ment. Note that from the discussion in the 
Appendix, one sees that the properties of 
our model are independent of the spacing 
between the adsorbed layer and the first plane 
of bulk atoms at I . 

If M is the mass of the bulk atoms, and Ms 
the mass of an adsorbed atom in the surface 
layer, let us define 



From Section 2, it is seen that the information 
we require is contained in the quantity del 
|I-G,vVi|. From the results of the pre- 
vious section, it is a straightforward matter 
to show 

det|I-G,sV,,| = ] + 2ot^ 


(4.1) 



VIBRATIONAL PROPERTIES 


1049 


where t is defined in equation (3.^. We can 
use this result to study the occurrence of 
surface modes and in band resonance modes 
in our model. Since as we mentioned earlier, 
the Montroll-Potts model is known to fail 
to give an adequate account of Rayleigh 
waves in the semi-infinite crystal, it is not 
clear that modes with the properties discussed 
below would occur in a more realistic model. 
Nonetheless, since the local modes and in- 
band resonances are averaged over in the 
computation of the thermodynamic properties, 
it will be useful to describe their properties. 

(i) Localized surface modes outside the 
bulk band 

For a given value of and one obtains 
the frequency of the localized modes by 
examining the frequency at which the deter- 
minant in equation (4.1) vanishes. By re- 
arranging this equation, and employing the 
definition of the variable r, one finds the 
condition for the occurrance of a localized 
mode is 

(1 + 2a£) [A-- VUA'- - I 

(4.2) 

where the upper sign is employed for fre- 
quencies above the band, and the lower sign 
for frequencies below the band. Equation 

(4.2) may be rearranged to read 

2a(a~\^ 

(4.3) 

We have obtained equation (4.3) by moving 
the square root to the right hand side, then 
squaring the whole equation. This procedure 
can introduce spurious roots, so the solutions 
of equation (4.3) must be Inserted back into 
equation (4.2) to determine which roots are 
spurious. 

For a surface layer of light masses (a < 0), 
we find a band of localized states with energy 
given by 


2aA^-l -2a- V(4a^(A^- IH4a(J^ 

4a(a-h I) 

(4.4) 

The localized surface modes exist only for the 
dimensionless frequency greater than 
(-I/a). 

When a > 0 (a heavy adsorbed layer), 
one obtains a localized mode below the bulk 
band, with the frequency given by 



2aA'-2a-l + \/(4a^'^-l) + 4a(Ar-l)+l) 

4a (a 1 ) 

(4.5) 


In Fig. 3, we show the position of the local- 
ized bands and their widths as a function of the 
mass change parameter a. Figures 5 and 6 
illustrate the dispersion curves for special 
directions, for the two cases Ms = 2M and 
Ms-(M/2). . 

Lengeler and Ludwig[I4] have studied the 
localized modes occurring at a (001 ) plane of 
isotopic defects immersed in a bulk crystal. 
Their model differs from our model only by 
the fact that they employed different values 
for the force constant for motion perpendi- 
cular to the line joining two atoms, compared 
to motion parallel to the line between the 
atoms. We have examined this problem for 
our model, using the Green’s function 
approach. We find the following expressions 
for the local mode frequencies associated with 
a (100) plane of isotopic defects immersed in 
the bulk of the crystal 




”l < a < 0. 


Figure (1) shows these bands as a function of 
a. Upon comparing Figs. 3 and 4, it is apparent 
that the local mode frequencies associated 
with the impurity surface layer are lower than 
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Fig, 5, Vibrational spectrum for a (100) adsorbed layer of heavy atoms of mass 
Ms = 2M. Figure 7 gives directions of propagation used on this figure. 



Fig. f>. Excitation spectrum for a ( 1 00) adsorbed layer of atoms of mass AYs = (l/2lAf 
on the crystal surface. Figure 7 gives the directions of propagation employed in 

this figure. 


the local mode frequencies for the same layer 
immersed in the bulk. This is physically 
reasonable, since the atoms in the surface 
layer are coupled to fewer atoms than those 
in the bulk, so the frequency of the local 
modes must decrease when the layer is 
moved toward the surface. It is also interest- 
ing to note that for a < 0 (light mass im- 


purities), one has surface modes above the 
band only for certain ranges of propagation 
directions. This is true for the adsorbed 
surface layer, as well as the layer of isotopes 
immersed in the bulk. 

We have also investigated the occurrence 
of surface modes above the band for light 
mass defect layers adsorbed on the f.c.c. 
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and b.cx. ‘MonlrolI-PoUs cryslal’. We find 
results that are very similar lo the results 
described above. 

(ii) The occurrence of in-band resonance 
modes 

For values of E inside the bulk spectrum, 
for a given value of ipj and one finds 


which this resonance levels is a sharp, well- 
defined feature in the density of states may be 
explored by noting that the change in density 
of phonon modes associated with the presence 
of the adsorbed level is 




^n(E) ^ + 


3 d 


77 dE ttBE 


:tan~ 



del|I“ (isV i| I L o/: ~ I - 

Recall that in terms of the variable /:, the bulk 
spectrum lies in the range 

A' - I E < V+ I. 


where R{E) =- Re det(I-G‘W) and J{E) 
Imdet (I-G W''). For energies near the 
resonance energy ^n{E) is given by the 
well known relation 


ln(E) 


V 




with 


X is a function otV; ^>nd and ranges over 
the range I -5. Wc can next form the expres- 
sion for the phase shift 7]\{E), defined in 
equation (2. 1 2). One has 


T} ,i/:) - tan 


1 1 fa/'Ai - A^4-/f 


i/j 


(4.6) 


At the bottom of llie banil, where h=- X -- 1. 


7/ , ( /: ) 


^-sgn (o). 


At the top of the band, where /:''=,¥+ I , 

(0 for o -(H/C) 

1-77 for -I •■' « < (-1//;). 

It is interesting that one may deduce 
the criterion for occurrence of localized modes 
by examining the difference between the phase 
shift at (he top and bottom of the band. This 
point has been stressed by one of us in an 
earlier discussion! 15]. 

From equation (2.6), one secs that an in- 
band resonance occurs (i.e. r) = tt/I) if 

E==E,= -(IM 

for Af — I < Elf < Ar+ I. The conditions under 


i'-./(F:)/(fj/?/a£). 

7’he resonance is well-defined when 
I, 

After some simple algebra, one finds 


/a(l+X) + I] 


U(i-^)-i; 



!'he resonance level is sharp and well-defined 
if Elf is near the top of the band (£« ^ 1 +Af). 
As E^if decreases, the resonance level becomes 
broad, and ceases lo be a prominent feature 
in the change An(E) in the density of slates. 

Notice that the phase shift t 7 ^(E) equals 
(7r/2) sgn (a) at the bottom of the band 
{E — X—\)^ If the energy is moved below 
(A"- I) the phase shift suffers a discontin- 
uous jump to TT if a > 0 (and a local mode 
exists below the band), or to 0 if a < 0. Thus, 
one finds the jump in r]^{E} contributes a 
delta function singularity to the change in 
density of states. 

5. THE VARIATION OF THE THERMODYNAMIC 
FUNCTIONS IN THE PRESENCE OF THE 
ADSORBED LAYER 

In equation (4.6), we have found the varia- 
tion of the phase shift for frequencies E inside 
the band of allowed frequencies. In addition, 
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we have also found the frequencies of the 
various localized modes for the simple model 
described above. When this information is 
combined with the Lifschitz formula of 
equation (2.10), we have enough information 
to compute the various thermodynamic 
quantities. 

Let us briefly recall the variation of t]i(£') 
with the dimensionless frequency variable 
E. First suppose a > 0 (heavy masses adsorb- 
ed on the surface). For E< the frequency 
E„ of the bound state below the band, r}x(E) 
= 0 . At E = Ef„ 'r},^(E) jumps discontinuously 
to the value -Ftt, and remains at this value 
until £ = A" — 1 , the bottom of bulk band for 
the given and Then 17,1 drops suddenly 
to the value (tt/Z), since we saw from equation 
(2.6) that 7/1 ^ +(77/2) for £ ^ X- 1 from 
above. The phase shift drops from njl at 
£ = A - 1 to zero at A" -f 1 , the band maxi- 
mum. ^ 0 for all £ > A'^ 1. 

For a < 0 , t 7 i(£) =0 for all E < X - \ . 
since there are no surface modes below the 
bulk band in this case. At £ = A'^ 1 , t7,(£) 
jumps to the value —tt/Z. If there are no local 
modes above the band for this 

and as £ -^ A + I. If there is a mode 
split off above the band, 17.1 (£) -tt at the 
top of the band, and jumps back to zero at 
the frequency £„ of the bound state. 

We begin by integrating the Lifschitz 
formula by parts, noting from the preceding 
discussion that t7i(0) = 17^0=) = 0 . Then 

AF = - f 

TT J d£ 

Noting that the phase shift 17 1 (£) is a function 
of ipj. and ipy, and the three-fold degeneracy 
of the phonon branches in the Montroll- 
Potts model, the function to be inserted into 
this result is the form 

I* 

where we have on the right side the function 


\m 

of equation ( 4 . 6 ), with the ipj. and y?,; depen- 
dence explicitly indicated. Ns is the number 
of atoms in the surface layer. 

(i) The low temperature region, T < Sd 
At low temperatures, the temperature 
dependent properties are dominated by the 
long wave length vibrations. One may expand 
the various quantities in a power series in 
ipj and ify, fov(p„ 1 . We define (p/. 

First consider the case of > 0 (an adsorbed 
layer of heavy masses). From the discussions 
above, one finds a localized surface mode 
below the bulk band in this case. When 
L the frequency ofthis mode is 

£, = (A-l)-ia^H... 
where the bottom of the band is given by 

Thus, for > 0 , the frequency of the surface 
mode differs from that of a bulk mode propa- 
gating parallel to the surface only in the 
<p^ terms. While this behavior is physically 
unrealistic, since as we pointed out before 
the theory of elasticity demands the exis- 
tence of Rayleigh waves, we feel the present 
model will offer a crude feeling for the change 
in thermodynamic properties. 

Then the surface mode contribution to 
(dT)^/d£)is given by 

^ s 3775(£„) S 37r8(£-V) 
d£ 

where the (p^ terms are neglected in the last 
statement. As we mentioned above, there is 
a delta function contribution to (d 7 }JdE) 
at the energy £^in., because of the jump in 
77,1 at this point. For both a > 0, and a < 0 
one has from this source 
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where again we ignore the terms. 

The contribution to the specific heat from 
these two terms is easily computed, using the 
results given above. It is easy to see that one 
gets a contribution 

Let us now compute the contribution to 
C,. from the change in density of states in the 
bulk region, E > X-\. For small values of E, 
and small values of </?, one has 

tan T) "^7 ; — 

V|£'-Iv5-) 

and the Lifschitz formula may be written in 
a form valid in the low temperature region: 



Upon introducing a new variable, 



then inlcgraljng over X' rather than and 
applying the result to the computation of 
the specific heat, we obtain a contribution 




677 ' 






The total change in specific heat that occurs 
because the surface layer has mass Ms rather 
than the bulk value M is then given by 

AC,.= N + order of 7'^ 

where we have introduced a Debye tempera- 
ture using the definition 



where oja/ is the maximum bulk vibration 
frequency. 

The result exhibited in equation (5.1) 
shows that altering the mass of the surface 
layer does not change the coefficient of the 
P term found earlierll3]. We feel this is a 
reasonable result which would survive in a 
more sophisticated model, in which Rayleigh 
waves appear in the long wavelength limit. 
It seems reasonable that the presence of one 
single atomic layer of defects should not alter 
the propagation velocity of a Rayleigh wave, 
in the long wavelength limit. If this is so, one 
would be surprised if the coefficient of the 
term in the low temperature specific heat 
would change. Thus, while we have not 
computed the coefficient of the P term in a 
more general and physically plausible model, 
we feel that the result exhibited in equation 
(5.1) is plausible, from an intuitive point of 
view. 

Because the contribution to the surface 
specific heat from the adsorbed layer varies 
as T\ and the contribution from the free 
surface itself is proportional to the effect 
of the adsorbed layer is the smaller by roughly 
a factor of (T/Of,) at low temperatures. 
Thus, when T < On, it may be quite difficult 
to observe the contribution from the adsorbed 
layer. Also, it would be difficult to distinguish 
this term from a change in the Debye tempera- 
ture. 

(ii) The chanf*e in thermodynamic properties 
for a general value ofT 

We have computed the change in specific 
heat for general values of T by resorting to 
an electronic computer. One can perform the 
integrations over <pjc and by integrating 
over one eighth of the two dimensional 
Brillouin zone of Fig. 7. In this manner 
the integral may be 

evaluated for fixed E. One can then perform 
the remaining integration over the energy 
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Fig. 7. Bnllouin zone for surface problems associated with a 
( 1 00) face of a simple cubic crystal . 


variable numerically. The detailed computa- 
tions follow closely the method employed in 
the work of Dobrzynski and Leman cited 
above [13]. As in the earlier work, j8 and M 
are chosen to represent the average elastic 
constants and masses of MgO. We have taken 

j^ = 0'125x 10“"(c.p.sF. 

The Debye temperature then assumes the 
value 

On = 935"K. 

The change in specific heat has been com- 
puted as a function of temperature for the 
two cases M^, = Af/2 and M, - 2A/. The 
results are exhibited in Fig. 8. The result for 
the entropy variation A5 is displayed in 
Fig. 9. 

In Figs. 8 and 9, we show the change in 
thermodynamic quantities when the mass of 
the surface layer is changed from the bulk 


value M to {{)M or 2M. If one wants the 
total change in S and C,. due to adsorption of 
a monolayer of atoms of mass M.v, one has 
to add to the values given in the figures the 
bulk value of S and Cn per atom. The total 
effect of a free surface of atoms of mass 
Ms is then found by adding to this result the 
changes exhibited in Figs. I and 2. 

The sign of the effects displayed in Figs. 
8 and 9 may be understood by noting that 
decreasing the mass of the surface atoms 
raises all the vibrational frequencies. This 
has the effect of decreasing the specific heat, 
as seen in Fig. 8. So long as the total number 
of atoms remains fixed, when T > On. 
AC,, 0, since the specific heat approaches 
the classical equipartition value. Thus, the 
general trend of the results in Figs. 8-9 may 
be understood intuitively. 

It may be possible to observe the kind of 
changes in C,, and 5 reported here by experi- 
mental study of crystals on which light gases 
have been adsorbed. 
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sions employed in this section may be utilized 
to compute the high temperature forms of 
A5 and AC, in a straightforward manner for 
models which do not suffer from the difficul- 
ties of the Moniroll-Potts model. As we 
stated earlier, we feel our results provide 
a rough estimate of these quantities. When 
more detailed experimental data is available, 
then compulations with realistic models may 
provide useful information that will lead to 
a detailed understanding of the nature of the 
adsorbed layer. 
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APPENDIX 

In the text of the paper, we considered a semi-infinite 
cty'^O^I 9f aioms of mass M. We then simulated a layer 
of adsorbed atoms by changing (he mass olThc atoms in 
the surface layer from M to M, ^ M 4'he change in 
thermodynamic quantities was then computed. 


In this Appendix, we consider a semi-infinite crystal 
of mass M. We then add a new layer of atoms of mass 
Ms ^ M, We shall sec that the change in thermodynamic 
properties of this case is the same a,s thal obtained in 
the text, except for the contribution of A/,, bulk atoms, 
since there arc /V^ more atoms in the second case, 
compared to the first case. While this result is obvious 
from an intuitive point of view, it is interesting to see that 
the result follows in a straightforward way from the phase 
shift formulation 

We begin by considering the equations of motion for 
the atomic displacements. Since translational invariance 
wiih respect to the two directions parallel to the surface 
layer is not destroyed, we seek solutions proportional 
to expt/yjj/j. -1- vJw)' where the x and y axis lie in the 
surface We denote the displacement of the atoms in the 
surface layer by w cxpti/^j T and the displace- 
ment of a bulk atom by exp(/VrV?j- f where 

- 1, 2, . . . is an index of tEc atomic plane parallel to 
ihe surface m which the bulk atom lies. 

For our model, in w'hich atoms in the adsorbed layer 
difler only in mass from the hulk atoms, the equations 
of motion assume the form 

[uj-Ms^ 2/3(2- cost^j.-cos(^y)Jn'-)-)3[H|-n'] -0 

(A.l) 


"/If (5-2 cos«^j.-2 cus<p^)//, - //J 

+ «,]-() (A 2) 


w’lth the equations of motion of atoms m the plane 
L > 2 remain unperturbed by the adsorbed layer. 

By employing equation (A.l). we can eliminate the 
variable w fiom equation (A.2), so equation (A. 2) 
depends only on w, and a,. By examining the resulting 
equation, one may const! uct the form of an effective per- 
lijib.dion f', (recall the definilion given in Section 2). 
Using the Green's ot equation (3 6), one finds 


det|L-V,(;^| 


{i~ l}|2(a4-i)LTl-2Yi 


where the variables /. fw a and A" are defined m Section 4 
of the text 

The phase shift associated with the perturbation 
from the added layer band may be found from equation 
(A,3) for frequencies inside the hulk band 


tanrj/ 


1 F A -* (« F DK-iA-l) 

T~X+P:j (crFUf-A 


For a" 0 (the mass of the added layer is the same of 
that of the bulk atoms), we call the phase shift tj,,. From 
equation (A. 4), one may show thal 

7),/'^= i7i (A.5) 

where is the phase shift studied in the text, when the 
mass of the surface layer was changed 
F’quation (A.5), when inserted into the compulation 
of the thermodynamic quantities, provides a proof of 
the desired result. 
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CONDUCTION-ELECTRON SPIN RESONANCE IN 
ALKALINE-EARTH HEXABORIDES 

L, W. RUPP Jr. and P. H, SCHMIDT 
Bell Telephone Laboratories, Incorporated, Murray Hill. N.J. 07971, U,S A. 

{Received }{)An^us{ 1968; /n revisedform ^November 1968) 

Abstract - Conduction-electron spin resonance (CESR) has been observed in polycry stalline samples 
ol «-lype CaB^, SrB^ and in a single crystal plate of BaBo. The CESR signals are observable over the 
temperature range from l to room temperature and are characterized by temperature independent 
intensities, positive g -shifts and line widths on the order of a few gauss 


Recently there has been considerable 
interest in the alkaline-earth hexaboride 
system. Studies of these materials include 
several theoretical calculations of the band 
structure! 1-3] as well as measurements of 
the Knight shift[41 and the Hall eflFect[5-7]. 
The Hall measurements indicate that the 
metal hexaborides (MB^) are semiconducting 
in nature which is in agreement with the 
calculations of Longuet-Higgins and Roberts 
[2| and YamazakifBj. 

The crystal structure of the MB,t com- 
pounds has been experimentally investigated 
by Kiessling[8] using X-ray analysis, and he 
finds the simple cubic structure shown in 
Fig, 1, The six boron atoms are arranged at 
the vertices of a regular octahedron. The 
octahedra, in turn, are bonded together form- 
ing a clathrate-like lattice of boron atoms 
with the metal atom M in the interstices. 
Thus the M sites have full cubic point 
symmetry while the boron sites have tetra- 
gonal symmetry. 

We have observed magnetic resonance 
signals in the alkaline-earth hexaborides. 
The samples used in our experiments were 
prepared by healing the reactants (alkaline- 
earth granules and 100 mesh boron powder) 
to approximately I85()°C for 30 min in a 
partial pressure of argon gas (0-5 atm. at 
room temperature). The constituents were 
contained in spot welded tantalum tubes. 


The hexaborides samples contain less than 
30 ppm metallic impurities in their final form. 
All samples were /z-type as determined from 
thermal probe measurements. The structure 
and composition of all samples were con- 
firmed by powder X-ray analysis to insure 
the presence of only the hexaboride phase. 
The small single BaB^ crystals grew in the 
shape of rectangular prisms with typical 
dimensions of 0-50 x 0*25 x 0*10 mm. The 
CaBf 5 and SrB^ single crystals were nearly 
cubic in shape with typical dimensions of 
0*01 and 0-07 mm respectively. A large 
crystal of BaB« (2-6 x 2*6x0-25 mm thick) 
was examined when samples of small crystal- 
lites failed to yield reliable resonance signals. 

A small quantity (~ 50 mg) of these single 
crystals were placed between two layers of 
Parafilm to form a thin package -‘-fix I2nim 
in area. The samples were then placed inside 
a rectangular TE„)i cavity resonant near 
either 12 or 18 GHz. The derivative of the 
surface resistance, dR/dH, was measured 
versus the applied magnetic field using a 
conventional homodyne spectrometer. The 
magnetic field was applied in the plane of the 
package and could be rotated to align the d.c. 
magnetic field either parallel or perpendicular 
to the linearly polarized microwave magnetic 
field in order to check the magnetic-dipole 
character of the observed absorptions. 

Using the configuration described above. 
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I 1 Mei.il hex.ihondc crystal struct ure (M icpiescnis any of the alkaline- 
carth or tare -earth atoms) 


single asymmetric magnetic dipole transitions 
wcie observed in both C'aB,, and SrB,j multi- 
crystalline samples and m a single crystal 
plate ot BaBf,. The resonance linewidths 
were sulliciently narrow to permit precise 
g-valiie determinations: .e(TaH,;)= 2-(K)34± 
0O(K)2, {SrBj - 2 0076 f 0 ()003 and 
g(BaBa-2-03l2±0(KK]S. Ihe line centers 
//(, which yielded the quoted g-values were 
defined after Feher and Kip[9], since the 
line shapes had Dysontan asymmetry due to 
spin diffusion [10]. 

The CaBft samples were investigated 
betw'een room temperature and 4*2°K. The 
temperature dependence of the resonance is 
showm in Fig* 2. The principal basis for con- 
cluding that the observed resonance is due to 
the conduction electrons is that the line in- 
tensity proved independent of temperature. 
Such behavior is characteristic of tempera* 
lure-independent Pauli paramagnetism of a 
degenerate conduction-electron gas. 


Ihe linewidth AH of the CESR signal in 
( aB(, proved to be -- I'.ICj, which corres- 
ponds to a spin-lattice relaxation time 
/T-0'8xl0'' sec. The g-value 2'0034± 
0‘0(X)2 was measured relative to that of a 
lithium metal reference[l 1]. The (’aB« 
therefore displayed a positive temperature 
independent, g shift (6g = g-2’0023) of 
4- (I I ± 1 ) X lO” f As the temperature was 
varied from 295 to 4-2'^K the asymmetry 
ratio (ratio of maximum positive to maximum 
negative slope values) increased from -1-3 
to '-2 ‘5. This is not surprising since the micro- 
wave skin depth is presumably decreasing 
with respect to the spin diffusion distance as 
the temperature is lowered. 

Magnetic resonance was also investigated 
in several multicryslalline SrH^ samples and 
the general behavior was similar to that of 
the CaB^i resonance. In particular essentially 
temperature independent intensity was ob- 
served. A CESR linewidth of ~7G (T, ^ 
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Fig. T Expeiimental truces of the conduction-electron spin resonance signal 
of CaBo crystals at various temperatures. 


0-14X 10'^ sec) was observed and this 
material proved to have a positive ^:-shift of 
T(53±2)x I0-\ 

Several mullicrystalline BaB^ samples were 
investigated, but failed to yield reproducible 
resonance signals, A large single crystal of 
BaB ,5 was prepared and exhibited a positive 
^-shift of + (289±2)x 10-^^ TheCESR signal 
in BaBfi was also temperature independent 
with a Hnewidth of -6*2 G(7, ^ 0-16X 10'^ 
sec). 

The progression of the ^-shifts, as shown 
in Table 1, is qualitatively to be expected 
since the spin-orbit interaction A, should 


Table 1 


Material 



IH 

CaB„ 

2 0034 ±00002 

+ (11±I)X10 ^ 

1-3 G 

SrB, 

2 0076 ±0-0005 

+ (53 ±2) X 10-' 

7 G 

BuBh 

2 03I2± 0-0005 

+ (28‘^±2) X 10 ' 

6‘2G 


increase as some power of the atomic number 
of the alkaline-earth and 6^ ^ where 
A£ is a characteristic energy band gapll21 
which is, of course, unknown for these 
hexaborides. 

On the same basis, however, one should 
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expect a similar monatonic increase in the 
resonance linewidths AW as the alkaline- 
earth changes from Ca through Ba, since 
there is a close relationship between the g- 
shift and the spin-lattice relaxation time 7,. 
Very crudely one expects 

AH 

/ i T 

where t is the momentum scattering lifetime 
due to lattice imperfections[12J. Since it is 
likely that t ^ l()"‘\sec at room temperature 
one could expect 7, values IO~^‘Nec 
corresponding to line widths of 1000 G. In 
practice we find 7 , ^ 10“^ sec. assuming the 
observed linewidths to be due to simple life- 
time broadening. The lack of a simple pro- 
gression of the observed linewidths suggests 
that they are in fact inhomogeneous due to 
strains and/or concentration gradients and 
that the true 'I\ values are even longer than 
10'^ secs. While clearly incompatible with the 
Flliott-Yafet theory this situation is not at all 
novel. Similar discrepancies exist for the case 
of CESR in lnJ)j[131 and in a number of 
other degenerate semiconductors investi- 
gated by Muller and Schneider! 14]. There- 
fore, more theoretical effort is required in 
order to resolve an apparently quite general 
problem. 


We are presently attempting to obtain large, 
single crystal specimens of CaBe and SrBe to 
determine if larger values of T may be ob- 
tained. Clearly a study of the isomorphic rare 
earths with the alkaline-earth hexaborides is 
indicated and is actively being pursued at this 
time. 

The authors wish to thank Dr. W. 
M. Walsh, Jr and Dr. P S. Pecrcy for iheir constructive 
comments of this manuscript. 
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ELASTIC AND ANELASTIC BEHAVIOR OF 
SEVERAL DELYA-STABILIZED PLUTONIUM 
ALLOYS AT LOW TEMPERATURES 

M. ROSEN and G. EREZ 

Nuclear Research Center, Negev, Israel 

and 

S. SHTRIKMAN 

Weizmunn Institute of Science. Rchovot. Israel 
(RecnvedA November 1968) 

Abstract- The temperature dependence of the elastic moduli, adiabatic compressibilities, Debye 
temperatures and ultrasonic wave attenuations of several delta-stabilized plutonium alloys (with 
aluminum and cerium) has been investigated in the range 4-2-300°K. The behavior of the elasticity and 
anelasiicity of these alloys, similar to alpha plutonium, wa.s found to be inconsistent with the anti- 
fci romagnelic model The observed anomalies in the longitudinal wave attenuation m these alloys, 
support the possible existence of a cooperative electron transition in the vicinity of 65° K It is shown 
that the cooperative effect, as manifested by the anomalies in the longitudinal wave attenuation, is due 
to the plutonium itself. Alloying additions serve as diluents and weaken the interaction which leads to 
the cooperative phenomenon. The behavior of both longitudinal and transverse Nvave attenuations at 
temperatures above 130“K indicates the possibility of operation of a thcrmally-aclivatcd mterband 
electron transfer. 


1. INTRODGCTtON 

The behavior of the elastic moduli and ultra- 
sonic attenuations of the monoclinic a pluton- 
ium at low temperatures has been discussed in 
a recent paper[l]. It was shown that the 
temperature dependence of the elastic moduli 
in the region of the electrical resistivity 
anomaly [2] is at variance with that expected 
from an antiferromagnetic transition [3, 4], as 
required by the phenomenological theory of 
Landau-Lihshitz[5J. The elastic properties, 
being ihe second derivatives of the lattice 
potential with respect to strain are very 
sensitive to magnetic ordering phenomena and 
invariably exhibit anomalies in the adiabatic 
compressibility at the transition points[3, 4]. 
The antiferromagnetism hypothesis for plu- 
tonium, was deduced by analogy with the 
behavior of a manganese [6] and rare earth 
metals[7]. However, the elastic and anelastic 
behavior of plutonium at low temperatures[l] 
provides strong evidence against a magnetic 
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transition. On the other hand, the existence 
of an anomaly in the ultrasonic attenuation 
was found to attributable to a cooperative 
electron transition at 66°K[l].The occurrence 
of a sharp peak in the longitudinal wave 
attenuation accompanied by a normal tem- 
perature dependence of the transverse 
attenuation was found to be consistent with 
Pippard's theories[8, 9] for inter- and intra- 
band transitions of electrons in a metal pos- 
sessing a complex band structure. Relative 
changes in the bands due to a varying band 
population of electrons are expected to induce 
a cooperative phenomenon, manifested by a 
peak in the longitudinal attenuations. 

Anomalies in the electrical resistivity, 
similar in character to that of a plutonium[21, 
were also observed in^ plutonium[10] (body 
centered monoclinic), in several 6-stabilized 
(f.c.c.) plutonium alloys[ll]. and in mono- 
clinic plutonium-neptunium alloys[12]. 

The objective of the present study was to 
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experimentally verify the validity of the pro- 
posed cooperative electron transition for 
plutonium! 1] by demonstrating its inde- 
pendence of the crystallographic structure 
(f.c c. instead of monoclinic), and the chemical 
and magnetic character of the minority con- 
stituents. Aluminum and cerium alloying 
additions were selected, since both stabilize 
plutonium in the f.c.c. 6-phaseI 1 1 ], and cerium 
carries a magnetic moment, while aluminum 
does not. The experimental aim of this in- 
vestigation was to determine the temperature 
dependence of the ultrasonic attenuations and 
elastic moduli with particular emphasis on 
the region from4*2° to KXris.. 

2. EXPERIMENTAL 

The simultaneous determination of the 
longitudinal and transverse sound wave 
velocities and their respective attenuations 
were carried out by means of an ultrasonic 
pulse technique at a frequency of 10 MHz. 
Experimental details and the method of data 
processing has been described elsewhere! 13). 
Nevertheless mention will be made of several 
problems encountered in low temperature 
ultrasonic work with plutonium. The specimen 
holder assembly was on the inside of a 
cryogenic glovebox, containing a ‘cold finger’ 
which was immersed in a liquid helium cryo- 
stat. Since the ultrasonic transmitting and 
receiving components were on the outside of 
the glovebox, quite long coaxial cables had to 
be used, thus necessitating careful impedance 
matching. The ultrasonic cou plant between 
the specimen disks and the piezoelectric 
transducers caused some difficulties, par- 
ticularly for unalloyed a plutonium. A variety 
of adhesives and application procedures were 
tried out. The most satisfactory coupling was 
achieved with a low-viscosity (about lOOOcP) 
Dow Corning 200 Adhesive [141 applied as a 
very thin layer which solidified under pressure 
in a laboratory vice for the period of about 
48 hr. In most cases such a bond withstood 
repeated low temperature runs. Measure- 


ments were generally performed during warm- 
ing from 4*2 to 3(X)°K at a rate of 0-5°K min'b 

The 6-stabilized plutonium samples were 
prepared from plutonium metal loaned through 
the courUsy of the French A.E.C. The metal 
was electrorefined (to about 300 ppm im- 
purities by weight) by the fused-salt method 

[15] and subsequently melted and cast in 
vacuo in an induction furnace together with 
an appropriate amount of high-purily alu- 
minum (or cerium). Due to the small quantity 
of metal which was available the following 
procedure had to be adopted. First, two 
Pu-5^//o Al disks, 10 mm in dia. by about 
6 mm thick, were prepared for the ultrasonic 
measurements. Then, these disks were re- 
melted, together with additional aluminum, 
in order to obtain a richer aluminum alloy. 
The Pu“Ce alloys were prepared in a similar 
manner. Before machining, the cast cylinders 
were heat-treated at 12(fK for about 50 hr 

[16] . Metailographic examination revealed a 
homogeneous structure. 

The machined disks were hand-lapped to a 
parallelism of faces to within 2 x 10 mm. The 
thickness was measured to ±5xl()-^mm. 
Room temperature densities of these alloys 
were determined by means of a fluid dis- 
placement technique in a bath of monobromo- 
benzene. The following average densities, 
to within ±0-01 g*cm were obtained for the 
alloys used in this study. 


Alloys Dcnsitytg-cm *) 

Pii~.S;/oAl 50 

Pu-IL//oAl l.S 10 

Pu-5(//o('e 15-26 

Pli-I0(//o(c 15-00 


Temperature was measured by means of a 
calibrated helium-gas thermometer in the 
range 4*2-35°K. Copper-conslantan thermo- 
couples were used at higher temperatures, 
7'he estimated error in the temperature 
measurement is ±()‘5°K. 

The estimated experimental error in the 
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determination of the elastic moduli is 0*2 per {5 and 1 la/o) and two Pu-Ce (6 and l{)alo) 
cent. The relative point-to-point precision was alloys in the 5-stabilized f.c.c. phase. Note- 
better by a factor of 2. Temperature variation worthy, as will be illustrated later is the 
of the ultrasonic attenuation was measured to qualitative similarity in the tem"perature 
within 1 percent. dependence of the ultrasonic attenuations 

and Debye temperatures between these alloys 
3. RESULTS with each other and with unalloyed a pluion- 

Measurements of the longitudinal and ium[l]. Plots of these properties are shown 
transverse attenuations and sound wave for Pu-5n/oAI (Figs. 1-3) and Pu-6t//oCe 
velocities were carried out on two Pu-AI (Figs. 4-6). 
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Fi^ [. Tempcraiure dependence of the Young (/:| and shear 
( (j ) moduli of Pu-5% Al alloy. 



temperature . 'K 


Fig. 2. Temperature dependence of the adiabatic compressibihly 
( A'J and Debye temperature {6j)) of Pu-5%AI alloy 
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Fig, 4 rcmperalure dependence of the Young {L} and shear (O') moduli of 
Pii-6«/0Ce alloy. 
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Fig 5 Tempcrivlure dependence of ihc adiubaiic compressibilny {K,) and 
Debye lemperalurc iOn) of Pu-6«/0Ce alloy 



TEMPERATURE^ 'K 

Fig. 6. Temperature dependence of the longitudinal (ad and transverse (a,) 
attenuation of Pu-6a/()Ce alloy. 


Similar to the behavior of a plutoniuin[l] resistivity maximumlll]. In contrast, the 
the elastic moduli {E and C) of these alloys, temperature variation of the longitudinal wave 
the adiabatic compressibility {Ks) and Debye attenuation (a/) in Figs. 3 and 6, similar to the 
temperature (^/;), as computed from the longitudinal attenuation in a plutonium[l]. 
sound velocities do not reveal any anomalies display sharp peaks in the neighborhood of 
in the temperature region of the electrical 65°K. In this temperature range the attenua- 
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tion of the transverse waves {«/) is smooth, 
as was also observed in a plutonium. Both a, 
and at in the Pu-AI and Pu-Ce alloys (Figs. 
3 and 6) start increasing from about 130® up 
to 230°K, where they level off to their room 
temperature values. 

The elastic moduli of theS-stabilized alloys 
(Figs. I and 4) approach ()"K with zero slope, 
as required by the third law of thermo^ 
dynamics! 1 7]. Above 3(FK the moduli assume 
a nearly linear temperature dependence up to 
the ambient. The effect of alloying additions 
on the elastic properties at 4-2 and 3(X)”K, in 
the four alloys investigated is shown in 
lable I. 


region, the transverse attenuations (aj vary 
smoothly. The integrated areas under the 
longitudinal attenuation anomalies (5 = ^da/ . 
dT), is shown in Fig. 7. Noteworthy is the fact 
that S of the four alloys investigated fall on a 
straight line which crosses the ordinate 
(IO()%Pu) at the value of 5" for unalloyed a 
plutonium! 1 1. Extrapolation of this line to 
S = 0, i.e. to the composition of a plutonium 
alloy in which the attenuation anomaly would 
vanish, hits the abscissa at 77*5%Pu. Figure 7 
also indicates that the amount rather than the 
physico-chemical properties of the 6-stabiliz- 
ing addition is of importance. The similarity 
in the behavior of the longitudinal wave 


Table 1. Inflaeni c of alloxiiiy aildilions on the elusjic properties o/Pu-Al and 

Pu-Ce allows 
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4. DIS( U.SStON 

fhe experimental results of this study show 
that the temperature dependence of the ultra- 
sonic attenuations and the elastic moduli of 
the S-slabilized alloys (Figs. 1-6) depict 
almost exactly the behavior oi these properties 
in a plutoniumll). The absence of any ano- 
malies in the elastic moduli agrees with the 
results of magnetic susceptibility! 1 8], neutron 
diffraction! 19] specific heatl2()) measure- 
ments on 8 -stabilized plutonium alloys. 
Furthermore, the l.andau et ai crileria!5, 21] 
for a magnetic transition in the 6-stabilized 
alloys are not fulfilled, indicating that the 
antiferromagnetic model[2, 22, 23| for these 
alloys is not adequate. 

The results of the present investigation 
show that the longitudinal wave attenuations 
(a/) develop well-defined peaks in the vicinity 
of 65''K, Figs. 3 and 6. In this temperature 


attenuations («/) points towards the operation 
of one common mechanism which is respon- 
sible for the anomalies in both a and 8 
plutonium. The occurrance of these anomalies 
in the longitudinal attenuation only, whereas 
the transverse one remains unaffected, is in 
accord with Pippard's requirements[8,9] for 
inter- or inlraband electron transitions. A 
quantitative description of this mechanism 
must await the knowledge of the Fermi 
surface and the band structure of plutonium. 
Recent attempts to determine the band 
structure of plutonium have not proven to be 
successful [24]. However, the occurrence of a 
maximum in the temperature dependence of 
the thermoelectric power[25J in the region of 
the anomalies in a/, appears to qualitatively 
support the electron transition mechanism. 

The anomalies in the longitudinal attenu- 
ations in a and 8 plutonium can be attributed 
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to the existence of a cooperative electron 
transitiotu rather thtin to a temperature 
dependent thermally assisted transfer of 
electrons. Figure 7 suggests that the extent of 
the cooperative effect is dependent on the 
concentration of plutonium atoms in the 
lattice. The crystallographic environment 
(whether monoclinic or cubic) and the mag- 
netic properties of the alloying addition 
(cerium with, and aluminum without a 
magnetic moment) do not exert any detectable 
influence. Apparently, the bands responsible 
for the cooperative transition are derived from 
energy levels of the plutonium atom itself. The 
cooperative effect, manifested by peaks in the 
longitudinal attenuation is due to changes in 
the bund structure which in turn depend on 
changes in the electron population. At the 
temperature of the peak in «/, at about 65°K, 
the band overlap should be maximal. Alumin- 
um and cerium additions act as ‘diluents’ only, 
thus decreasing the strength of interaction 
between the plutonium atoms, and conse- 
quently diminishing the cooperative effect. 
Figure 7 shows that addition of more than 22 
per cent of foreign atoms, in solid solution will 
completely destroy the interaction. The ano- 
maly in the longitudinal attenuation (and 
therefore the cooperative phenomenon) will 
vanish. 

Above 130°K, both longitudinal (a,) and 
transverse (ad attenuations, increase. A 


similar behavior was observed in a plutonium 
[!J. The rise in the attenuations occurs in the 
temperature range where the electrical 
resistivities display negative slopes[2, 1 IJ. A 
gradual, thermally-assisted transfer of elec- 
trons from the narrow 5/ bands to the conduc- 
tion bandsf26,27| may be responsible for the 
decrease in the electrical resistivity with 
increasing temperature. Well-established 
theories of ultrasonic attenuations[28,291 
show that both attenuations a/ and a, are 
expected to be proportional to the electrical 
conductivity. This is in agreement with the 
observations in the plutonium alloys (Figs. 3 
and 6). However, the leveling off of the at- 
tenuations at temperatures above 230°K 
should be elucidated- 

Table I illustrates the effect of the alloying 
additions on the elastic properties at 4-2 and 
3(X)°K-. The relative influence of aluminum 
appears to be stronger than that of cerium. A 
similar behavior was observed in the residual 
electrical resistivity, at absolute zero, in 
Pu-Al and Pu-Ce alloys[301. One possible 
reason is the larger change in the electron- 
atom ratio in (he Pu-Al alloys. The mclallic 
valence of Pu(- 4) is closer to Ce(3*6) than lo 
Al(3)[31]. Furthermore, localized strains m 
the lattice should affect the elastic moduli. 
The difference between the metallic radii of 6 
plutonium and that of aluminum is -13% 
compared with -F 4% for the cerium atom[31]. 
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Thus, the aJuminum atom will increase the 
elastic energy of the lattice, thereby raising 
the absolute values of the elastic moduli. 
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Abstract -Cleavable platelets of the blue potassium molybdenum bronze, Ky „|MoOj, were prepared 
by the electrolysis of mixtures of potassium molybdate and molybdenum (VI) oxide. X-ray diffraction 
studies were performed m order to relate the morphological habit of these crystals to the actual crystal 
structure Results of the X-ray study and considerations of crystal structure motivated an investigation 
of the electrical resistivity along certain significant crystallographic directions. An anisotropy in the 
electrical resistivity of approximately I- 1/2-2 orders of magnitude was observed throughout the 
tempciaiure range 80‘’-340°K In addition, a change from semiconducting to metallic behavior, which 
occurs at approximately !80®K. was also sensitive to sample orientation 


INTRODUCTION 

The crystal structures of the red and blue 
potassium molybdenum bronzes, K^MoO.-,, 
have been determined by Stephenson and 
Wadsley[lJ and Graham and Wadsley[2] on 
single crystals prepared by the electrolysis of 
mixtures of potassium molybdate and molyb- 
denum (VI) oxide(3J. These bronzes were 
assigned to the monoclinic system, space 
group C2/m, and were shown to be layer 
structures in which potassium ions are 
responsible for bonding infinite two-dimen- 
sional layers of distorted molybdenum-oxygen 
(Mo-0) octahedra. Wold, Kunnmann, Arnott 
and Ferretti[31 and Bouchard, Perlstein and 
Sienko[4] have studied the electrical proper- 
ties of unoriented samples of the red and blue 
bronzes. The red bronze was found to be 
semiconducting; the blue bronze exhibited a 
change from semiconducting to metallic 
behavior above approximately 175°K. 
Bouchard et ai{A] and Morris and Wold [5] 
have found that the magnetic susceptibilities 
of powders are weak and nearly temperature- 
independent over a wide range of temperature. 


*1his research has been supported by A.R P.A. and 
Grant No. N S.F.G P-6824 


In this study, the electrolytic technique of 
Perlolf and Wold [6] was used to prepare thin 
cleavage platelets of the blue potassium 
molybdenum bronze. Careful control of the 
conditions of growth prevented admixture of 
the red phase with the blue. X-ray diffraction 
studies showed that the orientation of the 
growth-cleavage face can be directly related to 
the manner in which the Mo-0 layers are 
slacked to form the layer structure. A com- 
parison of the ionic interactions within the 
Mo-0 layer of the blue potassium molyb- 
denum bronze with ionic interactions in 
certain transition metal oxides suggested the 
existence of a significant anisotropy in the 
electrical resistivity. An investigation of this 
possibility is the basis for the current study of 
electrical properties. 

STRUCTURAL CONSIDERATIONS 
The blue potassium molybdenum bronze 
has been shown to crystallize in the mono- 
clinic system, space group C2/mf2]. This 
bronze has the ideal crystallographic formula 
KonoMoO;, when all available K sites are 
occupied. The structure, which consists of 
infinite two-dimensional layers of distorted 


s 
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Mo-0 octahedra, is represented in Fig. I. thereby forming the infinite two-dimensional 
Adjacent Mo~0 layers are bonded through K Mo-0 layer. Moreover, these clusters are 
ions which occupy interlayer interstices highly important in conferring electrical and 



1 A poi hon of rhe intiniie two'dimcnsional molybdenum- 
o\yy^c\^ layer of ihe blue potassium molybdenum hron/e, k„ ,(,MoO,,, 
showing Us oricnitilion with lospcci lo the monoclimc or 

jblO] direction Foui clusters. Lonsistinj^ ol ten ideali/cd Mo-(^ 
octahedra, arc represented 


formed by O ions. A cell of sides a and ?r is 
shown in Fig. 2 which is a projection of the 
structure on the (OKI) plane. Fhe [102] 
direction corresponds to the minor diagonal of 
this cell and the ^-axis is perpendicular to the 
plane of ihc figure. I he plane defined by the 
[010] direction (fi-axis) and the [102] direc- 
tion can be associated with the slacking of the 
Mo-0 layers. The X-ray diffraction studies 
carried out in this investigation demonstrate 
that these crystals cleave by the separation of 
adjacent Mo-O layers. A detailed consider- 
ation of the structure of the Mo-0 layer is 
thus a prerequisite to orienting crystals for 
electrical measurements. 

Stephenson and Wadsleyfl) and Graham 
and Wads)eyr2] describe the Mo-0 layer in 
terms of subunits or clusters of ten distorted 
Mo-0 octahedra. These clusters share 
octahedral corners along the monoclinic 
/>-axis and also perpendicular to this direction, 


magnetic [4j properties upon the potassium 
molybdenum bron/es. In particular, the 
electrical properties must be described m 
terms of ionic interactions which extend 
throughout the crystal and are responsible for 
the formation of energy bands. These inter- 
actions, however, differ significantly from one 
direction to another because of the manner in 
which the clusters are bonded to each other. 

Goodenough(7,81 has rationalized the 
electrical behavior of certain transition metal 
oxides having large cation-cation separations 
by employing one-electron energy-band 
diagrams in which cation-anion-catiori inter- 
actions are responsible for the formation of 
rr-bands. Transition metal oxides such as 
ReO.j and the tungsten bronzes Na^WO., 
(cubic) and Inj.WO:{[9J (hexagonal) exhibit 
isotropic metallic conductivity which is 
accounted for by this concept. The potassium 
molybdenum bronzes, Kj.MoO;j, are also 
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Fig 2. A projection of (he blue poiiij^sium molybdenum bronze structure on the (010) 
plane showing a cell of dimensions a and 2r. The [102] direction is parallel lo the minor 
diagonal of this cell. Solid and open circles represent inter-layer potassium ions at different 
levels of the unit cell 


amenable to this type of description, since 
continuous short cation-cation separations 
are not available for the formation of energy 
bands. It is clear that the role of the anion in 
these structures must be carefully considered. 

Parallel to the monoclinic /j-axis of the 
blue potassium molybdenum bronze, infinite 
chains of corner-sharing distorted Mo-0 
octahedra extend throughout the Mo-0 
layer, as shown in Fig. 1. Thus continuous 
chains of calion-anion-cation interactions are 
available for forming 7r-bands. Perpendicular 
lo the /?-axis, in the [102] direction shown in 
Fig. 2, a geometrically complex set of ionic 
interactions is responsible for band-formation. 
Cation-cation interactions are present within 
clusters but cation-anion-cation interactions 
connect adjoining clusters. Geometrical 
considerations alone, therefore, would lead 
one to anticipate a significant difference in the 
electrical resistivity for the two directions 
under consideration. 


EXPERIMENTAL 

PrepcircUion 

Large blue potassium molybdenum bronze 
crystals {- 8x4x1 mm) were grown by the 
electrolysis of potassium molybdate-molyb- 
denum (VI) oxide mixtures under carefully 
controlled conditions. The growth cell con- 
sisted of recrystallized aluminum oxide 
crucibles nested to form a double-cell in which 
cathode and anode compartments are separ- 
ated by a permeable wall. The cell geometry 
and electrode-thermocouple configuration are 
described elsewhere [6J. 

Shaltuck Chemical Co. reagent grade 
potassium molybdate was fused for 2 hr at 
850T in a Coors porcelain crucible and then 
ground. Fisher Scientific Co. reagent grade 
molybdic anhydride was mixed in the desired 
molar proportions with potassium molybdate, 
fused for two hours at 650T in a platinum 
crucible, and then ground lo a fine powder. 
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Electrolysis was conducted for a period of 
three days ut a regulated current of 20 mA, 
The blue bronze crystals were prepared under 
the conditions used by Wold ef aL[3] 3*35 
MoO;,: 1*00 K^MoO^ at a melt temperature of 
530T. 

X~ray study 

X-ray diffraction studies were carried out 
by means of a Burger precession camera using 
molybdenum radiation (X( MoKa) = 0*7 1 06 A). 
A large representative single crystal with a 
well-developed cleavage face and a secondary 
cleavage edge was chosen for the study. The 
crystal was mounted about the cleavage edge 
which was subsequently identified as the [OlOj 
direction. All other pertinent crystallographic 
directions were determined by rotation about 
this direction. The results indicate that the 
cleavage face corresponds to the i201 ) plane 
which includes the ^-axis and the [102] 
direction. In addition, cell parameters were 
determined which compare favorably to those 
of Graham and Wadsley[2]; r/— 18*249± 
O-OOO A, h - 7 .^59 ± 0 005 A, c - 9 862 1 
0’(X)6 A and - 1I7“30'±.V. 

An X-ray diffraction investigation was 
earned out on finely divided powder in order 
to study the possibility of a crystallographic 
transition. A Norclco powder diffractometer 
with monochromatic radiation (AMR-202 
focussing monochromator) and a copper 
source (X(C'uKa,) ^ 1 *5405 A) was employed. 
Liquid nitrogen and room temperature X-ray 
diffraction patterns exhibited no significant 
differences in the posi lions or intensities of the 
diffraction peaks. 

Electrical measurements 

Crystals of the blue potassium molybdenum 
bronze were cut in the shape of rectangular 
slabs by using a O-Oll in. thick circular dia- 
mond blade in conjunction with a Micromech 
Mfg. Corp. Precision Wafering Machine. The 
morphology of the crystals permitted orien- 
tation with respect to the [010] direction or 
6-axis. Specimens were cut parallel to the 


monoclinic />-axis which were of the approxi- 
mate dimensions TO mm along the [102] 
direction, 5-0 mm along the [010] direction, 
and 0*2 mm along the stacking direction of the 
Mo-0 layers. Specimens were also cut per- 
pendicular to the <?-axis which were approxi- 
mately TO mm along the [010] direction, 
3 -0 mm along the [102] direction, and 0*1 mm 
along the stacking direction of the layers. 

D.C. resistivity measurements were carried 
out using a conventional four-probe technique. 
Current was supplied by a Princeton Applied 
Research Model TC-I00.2AR Voltage/ 
Current Source; voltage was monitored with a 
Keithley 149 Miili-Microvoltmeler. Ohmic 
contact was verified by checking that the IR/i 
ratio was constant over a wide range of cur- 
rents and that this ratio was independent of the 
polarity of the current source. Contacts to the 
crystals were of pure indium applied ultra- 
sonically by means of a specially adapted 
Sonobond Corp. Model S-O-HN-56-4 
ultrasonic soldering unit. In all cases, data 
points were taken with the sample at thermal 
equilibrium during both a cooling and heating 
cycle. 

RESl'i;rs AND lUSCUSSlON 

The results of resistivity measurements 
carried out over the temperature range SC- 
34(f K are provided in Fig. 3 which is a plot of 
logp vs. !00()/r for samples oriented along 
the [OlOJ and [102] directions. Samples 2{)A 
and 20^ were cut from the same crystal and 
give results so similar that no distinction has 
been made between data points in Fig. 3. 
Samples \A and 2A were cut from different 
crystals; data for these specimens suggest 
that the absolute value of resistivity varies 
from specimen to specimen. It is clear from 
Fig. 3 that the difference in resistivity for the 
two crystallographic directions studied is 
approximately 1 -1/2-2 orders of magnitude 
over the entire temperature range. These 
results confirm the ideas proposed above 
concerning the dependence of the electrical 
properties of the blue potassium molybdenum 
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Fig. 3 Plot of logp vs. ]{){)! T for representative samples 
of the blue potassium molybdenum bronze oriented 
parallel to the monoclinic />-axis, along the [010] direction, 
and perpendicular to the h-axis, along the [ 102] direction 
At I80°K a transition from semiconducting to metallic 
behavioi occurs which is not related to an apparent 
slruclural change, 

bronze on the geometrical structure of the 
infinite two-dimensional Mo-0 layers. 

The data supplied in Fig. 3 are in general 
agreement with those of Bouchard et aL[4] for 
unoriented samples of the blue bronze to the 
extent that a marked change in electrical 
behavior is observed at approximately 180°K. 
The data presented here suggest that this 
change corresponds to a transition from 
semiconducting to metallic behavior in 
samples oriented parallel to the fe-axis. For 
these samples, the resistivity increases 
linearly as a function of temperature above 
approximately 180°K. Samples oriented 
perpendicular to the i-axis, however, exhibit 
a resistivity which is virtually constant at 
temperatures in excess of 1 80°K. 

The change from semiconducting to metallic 
behavior in the blue potassium molybdenum 
bronze cannot be related to a structural change 


that is large enough to detect by X^ray dif- 
fraction studies of powder samples. Morris 
and Wold [5], however, observe a change from 
weak diamagnetic to weak Pauli paramagnetic 
susceptibility in the neighborhood of 
These data correspond to a condition in which 
the electrons donated to the Mo-0 layers by 
ionized K atoms are spin-paired in the semi- 
conducting slate but free in the metallic state. 

Bouchard et ai[4] have suggested that 
spin-pairing of electrons may occur within 
molecular orbitals associated with the Mo~0 
clusters. The possibility also exists that spin- 
pairing may occur through the formation of 
Mo’^, ions. These relatively large ions 
could be accommodated by the two highly 
distorted Mo-0 octahedra of each Mo-0 
cluster which are isolated from one another 
but share edges with four adjoining Mo-0 
octahedra (Figs. I and 2j. The additional 
distortion induced in these Mo-0 octahedra 
at low temperatures by the presence of a Mo’^ 
cation would then appear as small displace- 
ments of the Mo ion and the two O ions in- 
volved in K-0 bonding. This small distortion 
could not be detected by conventional X-ray 
diffraction studies. 

In this study, electrical properties of the 
blue potassium molybdenum bronze, 
Ko.;,oMoO:^, were investigated along crystal- 
lographic directions which were selected 
after a careful consideration of crystal struc- 
ture. The results of this investigation suggest 
that any study of directionally dependent 
physical properties is meaningful only when 
the orientation of the crystals is known. 
Without this knowledge, the relationship 
between structure and properties cannot 
validly be deduced. 
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PRESSURE-INDUCED TRANSFORMATION BEHAVIOR OF 
SOME QUASI-BINARY ALLOYS OF InSb 

PHrUP N. ADI.ER* 

(Jeneral I eiephone k Lteclronics Lahoralones Inc. Bayside, N Y 1 1 360, 1 '.S A 

{Rci cited 8 May 1 968. rci ised form 25 October 1 968) 

Abstract -Two systems , InSb-InAs and InSh-GaSb, with coniposilioiis to 20 mol. % alloying com- 
pound were studied to 70kbar at room temperature Both InAs and GaSb additions were found to 
raise the transformation pressnie of InSb, hut each behaves differently. Possible elevated pressure 
phase equilibria is considcied A relationship between transformation and electronic stnicluic is 
indicated based on the internal energy change at translorm.itlon being a relatively uniform percentage 
ot the electronic energy gap of the low pressuic, semiconductor phase Instability ol the zinc -blende 
form at a critical percentage of the bonding energy is suggested, 


I. INTRODUCTION 

Most of the III^V compounds, as well as Si 
and Ge, transform from their /inc-blende type 
structure to a denser elevated pressure form 
11,2]. The results of Minomura and Drick- 
amcrll] indicate that the transformation 
pressure at room temperature for these 
materials decreases, almost linearly, with 
increasing average atomic nomber. Jamieson 
[3 1 and Musgrave[4] have pointed out 
relationships between the transformation 
pressure and the electronic energy gap of the 
semiconductor atmospheric pressure form. 
These factors suggest that transformation is 
dependent on electronic structure. 

I he pressure-induced transformation 
behavior of InSb has been extensively 
reported upon [5-9] with transformation 
taking place sluggishly at about 22 kbar at 
room temperature. The present work reports 
on a study of the transformation behavior of 
two quasi'binary alloys of InSb. These 
systems were investigated to explore their 
elevated pressure phase equilibria and to 
possibly clarify the significance of electronic 
structure to transformation. 

Alloys of I nSb containing 1 -20 mol.% InAs 
or GaSb were prepared and studied at pres- 
sures to 70 kb ar at room temperat u re. Stu dy 

* Present address Research Dept . (irumman Aircraft 
FngngCorp . Bethpagc. N Y. 11714. U.S.A. 


of alloys containing InBi was also attempted, 
but solid solution in InSb could not be 
attained as was previously indicated! 10]. I'he 
presence of particles of InBi was found to 
have no significant effect on the transformation 
behavior of the InSb matrix phase. 

2. EXPERIMENTAL PROCEDURE 

2 I AHoy prepurution 

(\implele solid sokilion in the quasi-binary systems 
lnSb-Ga.Sh[l I-14| and lnSh-InAs[131 h<is been 
reported, but equilibrium is ditbeu It to aUain Preparation 
techniques such as long-time annealing of powders [ 1 2. 1 3J 
slow direciional free/ing( 1 3. 15, 16], and zone equil- 
i/ation! 13, 14, 16] have been uiilized with some reported 
success. Long-time annealing of powders was selected for 
these studies, Samples of InSb. GaSb. and InAs of semi- 
conductor puritv were obtained within the I aboralory or. 
as was the case for most of the InSb used, cast using 
99-999 -I- per cent purity elements The compounds were 
ground to less than 270 mesh, appropriately mixed 
blended and compacted Speclrographic analysis per- 
formed before and alter powder prepaiation indicated no 
significant change in the starting purity of about 99 99 per 
cent Alloys of InSb containing 1 , 2, 10 and 20 mol 

alloying compound wcie prepared. Samples were cap- 
suled in vacuum and heal treated at 525''(' for extended 
times Periodic X-ray examination made to evaluate the 
extent of homogenization eventually indicated that a 
slate was ! cached where continued heat treatment seemed 
meffccuvc, I his was the vase after U)5 days for the InSh- 
InAs alloys. I he IiiSb-Ci iSb alloys were .mne.ded for 
1 16 days. 

2.2 Pressure testini^ 

Tests were conducted usny a 2tH) ton NBS*type 
Barogcnics Tetrahedral Apparatus I he sample. M 
1-5x7 mm. was contained m a 3 4 mm dia ,AgC I cylinder 
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placed within a 23*5 mm edge-length pyrophyUitc telru- 
hedron. Calibration of this configuration! 17] with Ce, Bi, 
T1 and Ba indicated pressure values to have an average 
deviation of :ir0-4kbar, (Use of the solid AgCl trans- 
mitting medium, as is the case for the presently reported 
work, imparls a shearing component to the applied stress 
so that (he term ’pressure’ rs a simplification for the stress 
system being imposed.) Pressure was increased with 
fixed holding times at successive pressure increments. 
Transformation behavior was indicated by a resistance 
decrease during a holding period and continued resistance 
change at subsequent increments. Resistance values, 
measured with a Keithley M)3 Milliohnieter. were plotted 
as a Function of pressure and lime on an X-Y recorder. 
Loading rates varied from about 0-4 kbar/^ min hold to 
0*8 kbar/2 mm hold through the pressure range ot interest 
7 wo to five tests were run foi each alloy, 

J. RESULTS AND DISCUSSION 

3.1 Sample descrip! ion 

To characterize the powder-compacted 
alloys, procedures such as micros! ructurc 
examination, electron microprobe analysis, 
X-ray precision lattice parameter determina- 
tion, and X-ray diffraction line broadening 
were utilized. A uniform sin^zic phase was 
indicalcd for alloys containing (laSb. whereas 
In As nch particles were still observed. For 
these cases, matrix compositions were found 
to be within 10 per cent of the intended 
compositions, except for the 20 per cent In As 
alloy where a l.V3mol.% composition was 
indicated. Over the investigated composition 
range, the InSb-lnAs system exhibited ideal 
volume behavior, whereas negative volume 
deviations, suggesting greater than ideal 
solution bonding, was observed for the InSb- 
GaSb system. I'his is illustrated by the lattice 
parameter measurements shown in Fig. I and 
differs from those previously reported [13]. 
Nonhomogeneity, as interpreted by diffraction 
line broadening, wa.s less thani l)-7 mol.%, but 
higher for the per cent GaSb alloy (±1-7 
per cent) and the 13*3 per cent In As alloy 
{±1‘2 percent). 

3 . 2 Resistance hefia vior 

The resistance behavior of InSb in the 
vicinity of transformation is significant to 
delineating onset. This behavior has been 



r-ig 1. I atlicc piuameicr as a funclion of alloying for 
InSb rich alloys containing In As or CiaSb (Lines indicate 
ideal volume behavior). 


reported to be dependent on sample crystal- 
linity[81 and is shown in Fig. 2 for single 
crystal, polycrystalline and powder-com- 
pacted samples. Indicated increments are a 
result of the experimental loading procedure 
during the 3-4 order of magnitude resistance 
decrease accompanying this sluggish room 
temperature transformation[6, 7]. For the 
powder-compacted sample, a resistance 
maximum occurs at a pressure which is too 
low to be attributable to transformation; also, 
no indication of transformation was observed 
during long time holding periods at slightly 
higher pressures. Therefore, the presence of a 
resistance decrease prior to transformation 
may not necessarily be indicative of hetero- 
geneous nucleation as suggested by Smith, 
King and Gebbie[8] but may rather reflect on 
pressure-dependent electronic transport in a 
polycrystalline semiconductor. The resistance 
behavior for the alloy compounds, while 
differing for each system, was similar to that 
illustrated for the powder-compacted sample. 
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Fig 2. Resisumce behavior of different toiin.s of InSb 


3.3 T runs forma ( io n beh a vior 
'rransformation pressures for compound 
and alloy compounds are indicated in Tables 
I and 2, respectively. The behavior of InAs 


and GaSb alloys are quite different with the 
rate at which the transformation pressure 
increases with alloying, APIAX, steadily 
increasing for As substitution of Sb and 
steadily decreasing for Ga substitution of In. 
Extrapolation of the alloy results reveals that 
both systems do not intersect the trans- 
formation pressure of the pure components, 
InAs or GaSb. (These latter points were 
determined with samples of the polycrystalline 
compounds used for alloy preparation.) 

Since Jamieson has indicated that the ele- 
vated pressure forms of InSb and InAs 
differ [3], at least one three-phase reaction 
must exist in what is assumed to be a quasi- 
binary system between these components. 
The present results confirm this but do not 
unequivocally indicate the type of behavior 
which exists. 

Both InSb and GaSb are reported to have 
the same elevated pressure structure[3], so 
that existence of a three-phase reaction within 
this assumed quasi-binary system is not 
essential. However, the transformation data 
indicate almost zero slope, dPldX, at higher 
GaSb concentrations; in addition, an inflec- 
tion must exist if the curve is to be extra- 
polated to the pure component. These 
conditions suggest either imminent immisci- 
bility[181 or the existence of a monotectoid 
type miscibility gap. 

The binary equilibria of both systems do not 
appear to be simply represented by complete 


Table 1 . Values of t\ and N for some 1 1 1-V compounds 


N 


Compound 

Pp 

Ikbai) 

(eV) 

(cmVmoIe) 

-At; 

(cmVmole) 

n 

/ strain ener^jy \ 

/ internal energy \ 

j change at transformation 

\ band gap energy/ 

\ band gap energy / 

InSb 

21 

0-SO 

1-9 

7-7 

0-021 

0-21 

GaSb 

66 

0-92 

3-3 

5-2 

0-062 

0-22 

InAs 

69 

0‘64 

2'S 


0'070 

a-.36 

AlSb 

\\5 

1*4 

4.6 

?•() 

0-098 

0-23 


* Value for AlSb that of Minomura and Drickamer( 1], remainder presently obtained. 

and dEjdP based on values summarized by Madelung [24]. 
iV, based on Jamieson'.s value.s[3J. 

§ Value for InSb that of Hanneman eiaf [9] remainder reported by Jamieson 1 3]. 
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Table 2. Values of n and N/or 1 1 1-V alloy compounds 


tnSb alloy 

r, 

(kbar) 

<-- 

(cm'/molc) 

(cmVmolc) 

n 

1 strain energy ^ 

\ band gap energy / 

A/ 

/ internal energy \ 

1 change at transformation | 

^ band gap energy ' 

l%(iaSb 

21-7 

O-.M 

1-9 

7-7 

0*021 

0-22 

1% OaSh 

2.V.3 

0-51 

2 0 

7-7 

0*024 

0-2.3 

57. (iaSb 

24'3 

0 55 

21 

76 

0-024 

0-22 

107 (iaSb 

27 0 

0 58 

2 3 

7-5 

0-028 

0-22 

207 CiaSb 

27-9 

0-60 

2 2 

7-2 

0-027 

0*21 

l%lnAs 

21 3 

0-50 

1 9 

77 

0-021 

0-22 

27 InAs 

22-5 

0'5I 

2-0 

77 

0-02.3 

0-22 

1^A^ 

22 I 

0-48 

1-9 

7-6 

0 023 

0-23 

107 InAs 

23 S 

0 48 

2 0 

7-5 

0-026 

0-24 

1 ^'WrlnAs 

2K-: 

0-53 

2-3 

7-4 

0-032 

0-25 


^Briscd on tiimosphcric pressure h„ dctt.i of Woolley und L vans 1 25 1. IvanoV'C^mskii and Koloniiets(26], and 
Wot)lley and Warnei [27 1 and caletil.iled mean values of 

t Based on mean ohtaincd from Jamieson's re‘‘Ulls(3K V, for InSb that of Hanncman cl ai 19]. 


solid solubility in both ambient and elevated 
pressure forms, but since even the elevated 
pressure form of InSb is still under discussion 
[19,20], additional information would be 
required to clarify existing equilibria. 

3.4 Tronsfornuition and electronic .stnn tnre 

Different relationships have been suggested 
to obtain some insight into the cause of 
transformation for the Group IV and III-V 
materials. Jamieson|3| points out that an 
empirical basis between PfJHiV, and i E,,. where 
/', and A I '/ are the pressure and volume change 
at transformation, respectively, and K,, the 
electronic band gap at atmospheric pressure. 
vSince is the approximate free-energy 

difference between the atmospheric and ele- 
vated-pressure forms at atmospheric pressure, 
a relationship between the band gap and the 
frec-energy difference was suggested. How- 
ever, the band gap in these materials generally 
increases with increasing pressure[2l 1. Since 
the free-energy difference would continually 
decrease with pressure, becoming zero at 
iransformationv this relationship does not 
appear generally applicable. 

If we consider the system at transformation, 
indication of the approximate 


internal energy increase accompanying trans- 
formation, i.e. 

=-^E^P^V-T^S (I) 

where (/ is the Gibbs free energy, E the 
internal energy, and S the entropy. At 
transroimation,A(7 — 0,and 

( 2 ) 

The empirical basis reported by Jamieson 
may therefore be an indication of a relation- 
ship between the electronic structure of the 
semiconductor form and the internal energy 
change at transformation since the entropy 
term, 7A.S’, probably makes a comparatively 
small contribution for most of the compounds 
being considered. For the transformation in 
InSb, a value of 0 022 eV for 7AA can be 
obtained from the results of Hanneman, 
Banus, and Gatos[9]. This value compares 
favorably with the value of 0*023 eV for an 
analogous temperature-induced transforma- 
tion in tin from a diamond cubic to a denser 
tetragonal formf22]. 

Musgravel4] has suggested that transforma- 
tion is brought about by a destabilizing elec- 
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tronic configuration which occurs when the 
conduction-band becomes critically populated 
and thereupon develops two correlations 
between transformation pressure and the 
electronic band gap. For the first, thought 
responsible for initiation of the phase change, 
the hydrostatic strain-energy of compression 
is considered equal to the energy required by a 
critical number of electrons/atom to jump the 
band gap and initiate instability. A modified 
form is given in equation (3). 

iv = J‘'Pciy = nt]„ 0) 

where W is the isothermal work of compres- 
sion, n the critical number of electrons/atom 
to initiate transformation, and E„( the band gap 
at transformation. If the volume is assumed to 
be linearly dependent upon pressure over the 
range being considered, as is almost the case 
for GaAs[23] which has the same zinc-blende 
structure, then 


or 


iV = iF,(V,-V,) = nE,n (4) 



Pt{y~v, 

E Iff 


(5) 


T he other correlation relates the work done 
during the volume contraction associated with 
transformation to the approximate energy 
necessary to make a critical number of elec- 
trons/atom cross the band gap and complete 
the transformation. This can be represented 
by a form of equation (2) in which the entropy 
term is considered negligible. Thus, 

NE,,^-P,^V, ( 6 ) 

where N is the critical number of electrons/ 
atom to complete transformation. A more 
exact statement would be, 


or 


= = W (7) 

N = — ^ ' --- (8) 


A critical occupancy in the conduction band 


is difficult to rationalize in light of the fact that 
the presence of extrinsic carriers do not 
appear significant to the transformation 
pressure[l]. Instead, we will consider n in 
equation (5) as the ratio of the strain energy 
introduced during compression to the band 
gap energy and N in equation (8) as the ratio 
of the internal energy change at transformation 
to the band gap energy. Since the band gap is 
some measure of the bonding in the covalent 
zincblende structure, these ratios are a means 
of comparison to the bonding energy in the 
semiconductor phase at transformation. 

Determination of these ratios is attempted 
in Table I for some III-V compounds and in 
Table 2 for the alloy compounds presently 
investigated. A value of 0-023 eV was as- 
sumed for the entropy term. Values of P( were 
presently determined except as indicated, and 
energy converted to electron volts considering 
a one electron to atom equivalence. For 
Table 2, interpolation was necessary to assign 
values for E,„, Vf — and A Vi. This was done 
for E,ft using the expression 

E,„=E„+P,^ (9) 

where dEjiiP is a mean coefficient obtained 
considering the contribution of the compo- 
nents proportional to their concentration. 
Similar means were used for determining 
V- F. and AT,. 

The values of/; for the compounds listed in 
Table 1 vary by a factor of almost 5 whereas 
N is relatively constant except for the In As 
value. For the alloy compounds listed in 
Table 2, a systematic trend in the variation of 
n is indicated whereas N deviates slightly only 
for the higher concentration alloys of In As, 
Considering the probable inaccuracies in the 
elevated pressure values, the consistency of N 
may he fortuitous, but does suggest that a 
relationship exists. It appears that at some 
critical value of the band gap energy, approx- 
imately 22 ± I per cent, sufficient energy can 
be supplied by transformation to a denser 
state to cause instability of the zinc-blende 
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type of structure. The denser phase of higher 
internal energy is stable since the overall free 
energy is reduced by the volume and entropy 
contributions. 

Deviation in N for In As and higher concen- 
tration In As alloys is not explainable in terms 
of inaccuracies in the elevated-pressure band 
gap[28] or volume inrormation(3j although 
corroborating information is not available, and 
the optically determined band gap coefficient. 
dEjiiP. appears somewhat anomolous in 
relation to other II I- V compounds|2l]. T he 
internal energy change, however, is dependent 
upon an assumed entropy term in equation (8). 
Since the elevated-pressure form of InAs. 
rocksalt type, differs from that of the anti- 
monides, the assumed 0*023 eV is not appli- 
cable. In fact, the entropy change must be 
negative for agreement with the N value of the 
antimonides if the other factors in equation (8) 
are correct. For a similar change in CdTe, 
from zinc-blende to a rocksalt structure. AS 
appears to be positive|29]. Knowledge of the 
slope of d/Vd7 for the solid-solid transition 
in InAs might possibly clarify this anonioly. 

Avkno\ykii\,u n}i'nis- 1 he .julhov i'. gr^ilctul to Di (' D 
Dickinson for rclcv;inl tiiscussions ;nid cnhcal leading of 
ihe manuscnpl. P I iihlin I'oi cleciron niicropiobc and 
evaluation, (i 1^ W'erber for alloy prepanilion and 
conducting the pressure testing program. A ( alvano for 
X-iay measLiicments. aiul J. Black (or supplying samples 
ol Ill-\’ compounds 
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THE Ga-GaAs-GaP SYSTEM; PHASE CHEMISTRY 
AND SOLUTION GROWTH OF GaAs^P,_^ 

MORTON B. PANISH 

Bell Telephone Laboratories, Incorporated, Murray Hill, NJ. 07974, U S A 
{Received 24 October 196S) 

Abstract- Liquidus isotherms at 900°, 1000°, 1 100°, 1200° and I300T have been determined for the 
CjaAsj.P,_j. primary phase field of the Ca-GaAs-GaP ternary system, 7‘he corresponding solidus 
isotherms were determined at 900°, 1 100°, 1200° and I300°C and crystallization paths for the solid and 
liquid estimated. The ternary phase diagram was used to establish the conditions for liquid epitaxial 
growth of GaAs^Pi__r layers on GaP and for the growth of crystallites of predictable composition. No 
solid-solid miscibility gap was observed in the temperature range studied 


INTRODUCTION 

The GaAs-GaP system is one of several 
mixed III-V crystal systems in which there is 
an energy gap range which is partially in the 
visible region of the spectrum, and which is 
dependent primarily upon the gross com- 
position of the crystal. This paper is the third 
in a series of studies of such systems [1,2], 
which are of considerable interest because of 
their potential value for optoelectronic de- 
vices. An understanding of the phase chem- 
istry of these systems is particularly useful for 
the development of solution growth tech- 
niques. Such techniques have, for GaAs and 
GaP, generally provided materials with more 
efficient radiative recombination than is 
obtained with materials prepared by vapor 
growth or from the melt[3“91. GaAs-GaP 
alloys are generally prepared by vapor growth 
techniques[10’!2], and the most extensive 
descriptions of band gap changes with com- 
position and of the electrical, optical and 
electro-optic properties are for such materials 
[12-14], 

In this paper the 9(K)°-I300®C liquidus- 
solidus isotherms in the GaAsj.Pi-j- primary 
phase field of the Ga'-GaAs-GaP system are 
presented along with the corresponding solid 
solubility isotherms at 900°, 1100° and 1200° 
and 1300°C. The preparation of solution grown 
epitaxial layers by simple techniques based 


upon information inherent in the phase 
information is described. 

EXPERIMENTAL 

Determination of the liquidus-solidus iso- 
therms 

Two techniques were used for the deter- 
mination of the liquidus-solidus isotherms, 
differential thermal analysis, and an optical 
technique, In both cases the materials used 
were Ga. GaAs and GaP of semiconductor 
grade. The DTA method used here is the 
same as that which was described earlier 
[15,16] for the study of several other ternary 
systems. Once the general features of the 
isotherms had been established, it was more 
convenient and more precise to use an optical 
technique, in which the sample mixture to be 
studied was sealed into an evacuated quartz 
capsule and then heated in a furnace provided 
with a window. The mixtures were heated 
until they were visually observed to be com- 
pletely liquid, then cooled slowly until the 
first crystallization on the melt surface was 
observed, and then very slowly heated while 
shaking the furnace. The temperature at which 
the last solid dissolved was taken as the li- 
quidus temperature for that mixture. The 
disappearance of the last solid was particularly 
simple to observe in this system because the 
crystals float on top of the liquid surface 
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where they are easily observed because of the 
efTeclive emissivity difference between their 
relatively rough surface and the smooth 
liquid vsurface. The observed liquidus tem- 
peratures were confirmed by holding the fur- 
nace at Just below the just above the observed 
transition temperature while observing the 
liquid surface, to eliminate the possibility of 
errors due to too rapid heating. ^ 

Liquid epitaxy and solution f^rowlh of 
GuASjP, 

Solunon growth. Once the liquidus iso- 
therms were established, crystal platelets 
of (jaAsjP, j were grown in quart/ ampoules 
by slow cooling (- 5^/hr) liquid mixtures 
with compositions on or near to a given 
isotherm, from the temperature of first 
formation of solid to 2{TC below that tempera- 
ture and then quenching the ampoule in water. 
Actually the same samples which were used 
in the optical studies described above were 
generally used for growth of platelets. 

During the quench only very small crystals 
were grown and an additional thin layer of 
mixed crystal was deposited upon the larger 
crystals grown during the slow cooling. 
After removal of the Ga (mechanically and by 
dissolution in HCI solution), the larger 
crystals were separated for later analysis. 

Solution epilaxy. The tipping technique 
used in this work was similar to that described 
by Nelsonl.l], except that a modification 
which facilitated removal of the solution 
from the growing crystal at any temperature 
was devised. I'his was done by allowing a 
weighted graphite ram to push the solution 
off the seed at the desired lime and tempera- 
ture. Once this was done, the apparatus 
containing the crystal was removed from the 


' I’he observed temperatures lor first precipitation of 
(ijtj Asi-jF were about 15’ lower than the observed Iasi 
lemperature at which solid was present upon heatinii 
This supcrcoolmi? ctfccl leads to some discrepancy in 
DTA (cooling) and optical (healing) data The latter are 
a more reliable indication of the correct ir.msition 
temperature. 


tipping furnace and cooled. Most of the 
layers were grown in a graphite boat under 
flowing H 2 on 111 (P) oriented undoped vapor 
grown GaP prepared by an open tube halogen 
transport process [ I TJ. Several layers were 
grown on solution grown GaP platelets. 

The best control of the composition of the 
regrown layer was obtained when the tipping 
was done at a temperature which corres- 
ponded to the temperature of first formation 
of solid for the solution used. Generally, 
therefore, the solution was prepared by 
adding together the required amounts of Ga, 
GaAs and GaP to yield a solution which 
would be completely liquid above the tipping 
lemperature, with the solid precipitating 
below that temperature. Cooling rates for 
growth of the epitaxial layers were 2°-5°C/ 
minute. 

Analysis for As and P. The solid solubility 
isotherms corresponding to several of the 
liquidus isotherms were determined by 
analysis of the crystals or epitaxial layers 
grown on or near to several of the isotherms. 
In all cases polished cross sections of the 
crystals were prepared and analyzed for Ga 
and As with an electron beam microprobc by 
observation of the .t-radiation due to electron 
beam exitation of those atoms. 

HKSIILTS AND DISCliSSION 
Liquidus isotherms in the Ga-As-P ternary 
phase dia^^ram 

The only thermal effect studied in this work 
was that for the first formation of solid upon 
slowly cooling or heating the liquid. The data 
for the various compositions studied, both by 
the DTA and optical techniques are tabulated 
in Table 1 and Table 2 and are plotted as 
isoarsenic curves in Fig. I. For Fig. 1 the 
(ia-As binary diagram of Thurmond[18J 
was used as the zero phosphorus limit. 
Temperatures for the various liquidus iso- 
therms were obtained by extrapolation and 
interpolation of the data plotted in Fig. 1. 
These isotherms are plotted in Fig. 2 with 
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Table 1. Differential thermal analysis deter- 
minations of the liquids temperature 


Ga 

at. % 

As 

P 

rc 

liquidus 

%-35 

2-00 

1-65 

989 

92*15 

7-00 

0-85 

981 

93-70 

2-00 

4-30 

1093 

89-80 

700 

3-20 

1083 

84-40 

I4()0 

1-60 

1100 


Thurmond's Ga-As and Ga-P binaries [14J 
as limits. For convenience in reading the 
data, Fig. 2 is plotted in rectilinear coor- 
dinates rather than the triangular coordinates 
generally used for ternary systems. 

Solid solubility isotherms - crystallization 
paths 

Solid solubility isotherms corresponding 
to the liquidus isotherms of Fig. 2 were 
obtained by analysis of epitaxial layers and 


Table 2. Optical determinations of the 
liquidus temperature and the corresponding 
measured solidus composition 


Ga 

dl,%- liquid 

As P 

TT 

at %As 

in 

solid 

98-55 

0-80 

0-65 

913 

17-50 

97-5(1 

0-20 

0-.50 

902 

14-00 

95-70 

4-00 

0-30 

903 

32 00 

94-40 

5-M) 

010 

900 

46'(K) 

84-30 

13-70 

200 

IKK) 


84-70 

7 00 

8-30 

1220 

6 50 

79 50 

14 (K) 

6 50 

122(1 

17-00 

73-40 

22-50 

4-10 

1210 

27-50 

68-.30 

30 00 

1-70 

1220 

45 -50 

72-50 

14-00 

13 -SO 

1312 

10-60 

61 25 

30 00 

8-75 

13(K) 

26(K) 

52-5() 

40-00 

7'5() 

1305 



crystal platelets of GaAsj.P;_j. grown as 
described in the experimental part above. 
Most of the data were obtained for the I I00°C 
isotherm (Table 3), but data were also 



Ely:. I Isoarsenic plots of the liquidus temperature as a function of the 
atom fraction phosphorus. in the liquid. 

s 
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Xp(l300* CURVE ONLY] 

0-06 0-08 0*10 0-12 0*14 0'I6 



0-02 0-04 0-06 0-08 0-10 


Xp (900°C-I200®C) 

I 1 ^ 2 I tquidiis isotherms fot the GaAsj.P, ^ piimary phase held Note' 

1 or all points the sum of the atom fractions of the components in the liquid. 

X(... 1 X\^ “ I All I ()()"(' one calculated curve is shown 

obtained for the 90(r, I2()(r and I3(K)T poorer on vapor grown than on solution grown 
isothernns. All of the data are tabulated in GaP substrates, and in general, layers with 
Tables 2 and 3 and plotted in Fig. 3. high GaAs concentration were worse than 

The epitaxial layers were grown only at layers with low GaAs concentration. 

IlOCrC. The solid solubility data obtained The crystallization paths for this system 
for several such layers was more scattered are of interest because they show, for crystals 
than the data obtained with the slow grown grown with the growing surface at equilibrium 
crystallites. This may be the result of the with the liquid, the composition range to be 
faster growth conditions which occur with the expected for a crystal grown over a known 
epitaxial growth procedure. In general, the temperature range. We do not expect that in 
quality of the epitaxial growth layers was any growth procedure the entire crystal will 




THE Ga-GaAs-GaP SYSTEM 


1087 


Table 3. Composition data /or GaAs^^-Pi-j. 
vrystals ^rownfrom 1 100 /o 1080°C 


Ga 

at, %- liquid 
As 

P 

Solid 

As 

Growth type 

94-32 

1-00 

4-65 

2-30 

platelet 

91-90 

4-00 

4-10 

8-30 

epitaxial 

91-90 

400 

4-10 

6-30 

platelet 

H8-75 

8-(Hl 

3-25 

13-50 

epitaxial 

88-75 

8-00 

3-2.5 

15- 10 

platelet 

8.5-70 

12-00 

2-30 

25-60 

platelet 

82-60 

16-00 

l-4() 

32-00 

epitaxial 

82-60 

16-00 

1-40 

38-50 

platelet 

80-40 

9 00 

0-60 

49-00 

epitaxial 

80-40 

900 

0-60 

46-50 

platelet 


come into equilibrium with the liquid, but 
rather, that each part of the crystal has, for 
slow growth, a composition characteristic of 
the temperature at and solution from which it 
was grown. This assumption is supported by 


the fact that the slow platelet growth data and 
the much more rapid epitaxial growth data of 
Fig. 3 are essentially in agreement^ and by 
self diifusion data for in GaAs which 
indicate that self diffusion of the group V 
element is very slow. The liquidus and solidus 
data reported here in Figs. 2 and 3 have been 
interpolated so that the crystallization paths 
for several overall compositions could be 
estimated. For this purpose the ‘isogallium 
arsenide’ plots of liquidus temperature vs the 
atom fraction of arsenic in the liquid, xam 
shown in Fig. 4 were constructed. The inter- 
polated solidus isotherms are shown along 
with experimental curves on Fig. 3, and the 
interpolated liquidus isotherms are shown 
in the triangular diagram of Fig. 5. 

In a triangular diagram such as that of 
Fig. 5, tie lines connecting the solid and 



Fig. 3 Solidu5i isotherms and solidus crystallizaiion paths for the solid. 
Note The liquid composition on any solidus isotherm is completely 
defined by one component (in the case xas) ^nd in the solid the atom 
fractions of GaAs and GaP.xciBAs + Xuur ” * 


s 
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liquid compositions arc tangent to the 
liquidus crystallization path. In this work 
the solid and liquid crystallization paths were 
obtained graphically with an extrapolation and 
interpolation procedure for isotherms at SOX 
intervals. These curves are shown in Figs. 
3 and 5. They illustrate, for several starting 
liquidus compositions, the instantaneous 
liquidus and solidus compositions at the 
liquid'Solidus interface during precipitation 
of the solid upon cooling. 

Thermodynamic properties of the system 
The isotherms of Fig. 2 are quite simple. 
The addition of P to a solution of Ga and As 
depresses the arsenic solubility in such a 
manner that most of the curves of Fig. 2 are 
almost linear. Since the liquidus isotherm 
shapes depend upon interactions among the 
components in the liquid and in the solid as 
well as upon the stability of pure solid com- 
ponents, it is of interest to try to understand 
how these factors contribute to the isotherm 
shape in the Ga-As-P system. 


For the equilibrium of the mixed GaAs^ 
solid with the ternary liquid we may write 

P.-. 

GaAS(jj) Ga(i)~l“ As^d 

(1) 

jt' _ yCiaXtlaTAsXAs 

y(;aAsX(;aAs 

(2) 

GaP^s) ^ Ga(i)+ P(i> 

(3) 

_yr.,Xr.^ypXp 

^{laP ■” 

y^aPXciaP 

(4) 

with the restrictions 


XGa+XAs+XP= ^ 

(5) 

and 


X<laAs XGaP ~ 1 ■ 

(6) 


The subscripts Ga, As and P refer to those 
elements in the liquid, and the subscripts 
GaAs and GaP refer to those compounds in 
the solid. Reactions ( I ) and (3 ) show formally, 
the equilibrium between the components of 


im 


the mixed crystal solid and the liquid, 
and Kgap arc the equilibrium constants for 
equations (1) and (3), and the y’s and x’s are 
activity coefficients and atom or mole frac- 
tions for the components in the liquid or the 
solid. 

From equations (I -6) 


^(iaAsyciaAs 


7Aa 


(Xp-Xp^^XajiXi') 


I ^GaPyCaP, 

(Xas-Xas"-XasXp) 


= TciaAsyCaP 


ycayAsyp 


(7) 


The activity coefficients for the various 
components in the liquid and the solid are 
not known except at the binary limits. It is 
not expected, however, that those for the 
liquid will vary over very wide limits since 
As and P are chemically quite similar. Thus, 
although neither of the binary systems Ga-As 
or Ga-P are ideal, or even regular[18, 19], 
we may as a first approximation treat the 
liquid as ideal from the point of view that we 
are taking yca, yAs and y,. to be constants 
incorporated into the equilibrium constants. 
The solid solutions of GaASj.Pi_^ are not 
expected to be ideal since the lattice match 
for GaAs and GaP is poor (Aguas = 5-6532 A 
[211. Aca,. = 5-4505 A[21]). However, again 
as a first approximation, we may lake yr,aAs 
and yoap to be unity. The binary equilibrium 
constants as obtained from the binary 
liquidus curves [18, 19] may then be used with 
equation (7) to calculate liquidus isotherms 
for the completely ideal system. This has been 
done for the 1 lOOX isotherm in Fig. 2. The 
calculated curve is in fair agreement with the 
experimental curve and reflects primarily 
the lack of sensitivity of equation (7) to non- 
ideality in the solid. 


CONCLUSIONS 

Liquidus isotherms in the GaASj.P,_j. 
primary phase field of the Ga-GaAs-GaP 
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ternary system have been determined from 
9(Kr to 1 3()0®C. The data thus obtained were 
used to establish the growth conditions for 
the preparation of solution grown epitaxial 
layers and crystal platelets on several of the 
isotherms. The composition data for the 
grown crystals was used to construct the 
solid solubility isotherms corresponding to 
the liquidus isotherms and to estimate the 
crystallization paths for the solid and the 
liquid at several compositions. No evidence 
for a solid-solid miscibility gap was found. 

V\k aulhoi wouki like to acknow- 
ledge (he work of vS. Sumski who helped with the ex- 
perimental ineasiiremcnls and C Kim who did the 
election beam microprohe mcasiiicments. 
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AN INTERPRETATION OF THE P-T DIAGRAM 

FOR TIN 
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Abstract - Kinematic paths, defined in terms of lattice modes, are suggested for the transitions between 
white tin (Sn 1) and (i) the liquid and (ii) the simple b.c t. form (Sn 11). 

Calculations, based on a lattice dynamical model of white tin, which examine the variation of effec- 
tive elastic constants necessary to fit the observed P-T diagram are reported and compared with the 
phase lines implied if similar calculations are based wholly on observed values of Results 

indicate that, if the path suggested for (li) is to yield the observed phase line, the shear stiffness 
i(r,i - Ciali.ff near the triple point (34 kbars, 383''K) must be very small. 

1. INTRODUCTION (1) and, in particular, has provided strong 

In 1966 Barnett, Bean and Hall[l] presented confirmation for the existence of the relevant 
a P-T diagram for tin which is reproduced in low frequency optical modes. 

Fig. 1 with additional captions relevant to The present note seeks to interpret the 
the present note. The essential points are 5, phase diagram further in terms of the model 
the m.p. at 1 bar, 503°K; the triple point T, which, though simple, appears to contain 
34 kbars, 583°K; the SnI-SnII transition significant elements of the real force field 
point at room temperature U, 92 kbars, within the crystal. 

298°K. 

The phase Snll, first indicated by the 2- the phase diagram 

experiments of Stager et (d.[l] (1962), was Briefly, we enquire whether (i) along the 
structurally investigated by Jamieson [3] segment ST, melting is a consequence of 
(1962) and found to have a simple body- the vanishing of the effective shear stiffness, 
centred unit cell, initially considered cubic: which governs macroscopic 

an interpretation of the kinematics of the displacements of the form 0); (ii) along 
transitions, in terms of two lattice modes the segment TIJ, the change of crystal struc- 
calculated from a dynamical model for tin lure occurs owing to the vanishing of the 
originally used to discuss the grey-white stiffness of a compound displacement in the 
tin transition, was subsequently given by z-direction involving modes oyjoiq) where 
Musgrave (1963 (a,b); hereafter I and II). c/ = (27r/f/') [1, 0, 0] and r/ = [0,0.0]. The 
The two modes believed to provide the former mode {A) causes atoms in planes 
kinematic path between Snl and Snll are x=^n(f and x = {n-\- \l2)a' to vibrate in 
optical modes of r-polarization (|| to r-axis) antiphase, the latter mode {B) causes atoms 
which have remarkably low frequencies at of one simple b.c.t. lattice to move in anti- 
300”K and atmospheric pressure. phase with respect to the other simple b.c.t. 

Experimental determination of the phonon lattice of the structure. The kinematic path 
dispersion curves for Snl by inelastic neutron from Snl Snll may be represented by the 
scattering[6] (Long Price, 1964) has since combination and transforms an 

given satisfactory corroboration to the general oblique parallelopiped of typical vertices 
shape of the dispersion curves derived from (^72, 0, 3r/4), (a72,0,-(74), (0, ^/72,r/4), 
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(0,^/72, — 3(74) into a rectangular cell which, 
with the atom at (0,0,0), forms the simple 
b.c.l. cell of Snll. (See reference 11 for 
further details and a figure.) 

Neither of these hypotheses is essentially 
novel. The inability to offer elastic stiffness to 
shear deformation has long been acknowl- 
edged a criterion of the liquid state. The first 
calculations of solid-liquid phase lines based 
on setting a shear stiffness to zero are usually 
attributed to Born[13], although he mentions 
that Brillouinfl4] had made more primitive 
calculations on the same basis. Born presented 
detailed calculations for a b.c.c. lattice. 
Subsequent experimental data (e.g, Alers 
and Neighbours (]5J), have shown that linear 
extrapolations of the temperature dependence 
of shear stiffnesses over tens or hundreds of 
°K imply melting points appreciably higher 
than observed. Nevertheless, such extra- 
polation does afford an indication of the reduc- 
tion of stability with respect to the various 
shear modes. 

In the case of tin, the shear stiffness 
is roughly one quarter the value 
of the remaining shear stiffness ifc.u- c,-}), 
<'u* ((*11 + (■,.-4r|.,Tr,i;,)/6 at 30()T<, 

1 bar, yet it has the temperature coefficient 
of greatest magnitude. Consequently extra- 
polation of the stiffness ilCn-Cii) as a 
function of temperature implies a m.p. within 
7(rK of observation while corresponding 
extrapolations of the other shear stiffnesses 
imply m.p. of 1()()()°K or more above the 
observed value. Since sequential breakdown 
or melting certainly occurs in some highly 
anisotropic structures (e.g. liquid crystal 
forms), the possibility of analogous behaviour 
in simpler materials, though over much smaller 
(perhaps experimenlally unachievable) tem- 
perature ranges, seems worth consideration. 

The second hypothesis is conceptually the 
same as the instability invoked by Cochran 
fl61 to interpret ferroelectric transitions 
though here a superposition of two modes is 
required and larger atomic displacements are 
involved. 


The evidence which suggests that proposi- 
tions (i) and (ii) might be valid approximations 
to the kinematics of the transitions is offered 
below. 


3* THE MELTING LINE (ST) 

The elastic constants of SnI were measured 
over a range of temperature by Rayne and 
Chandrasekhar[7] (1960) and the temperature 
coefficients for the elastic constants (Ac*ij/AT) 
derived from their measurements at IT and 
3()()°K are shown in Table I denoted by 
(R.&.C). It will be remarked that the ob- 
served coefficient for the shear stiffness 
(f ii ~t‘i2)(“^'81 X lO^dyn. cm~7°K) is excep- 
tionally high when considered as a percentage 
of the total constant (1-29 x 10" dyn. cm'^). 
Rectilinear extrapolation indicates that the 
stiffness would vanish in the region of 570°K. 
However, the magnitude of the negative 
coefficient may be expected to increase and it 
is not unreasonable to suppose ('n-^c'u might 
vanish at 503°K, the m.p. at I bar, (A in Fig. 1). 
Assuming that the associated displacements 
determine the initial mode of melting and that 
they continue to do so along ST, the force 
field represented by the force constants kj 
of (1). may be recalculated from a set of 
in which (Cn -(■i 2 )fff = O- In this way, 
a structure unstable to a given shear but other- 
wise stable to homogeneous displacement 
may be contrived and the melting process 
may be attributed to the collapse of this 
shear stiffness. 

It is important to note that the expression 
for the shear constant in terms of the atomic 
force constants of the rigid ion model described 
in reference 1 has the form 


Cu-c,, = F-'GyH, 


where 

F = -| 
(■ 




T 1 + 9p‘ 


+ 4p^k(l)' ~ k(l)'<l)') 


0= 




T- 


(•'/^ [l+p2 lT9p: 


rv^ 




( 1 ) 

(2a) 

(2b) 


„ 4lp% + 4(k4>'-k^'cl>')] , }6p% 

l+p2 '^l+9p2 
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with the notation of (I) in which, p = cl2a\ 
1/2 (axial ratio of the tetragonal cell); kz, 
k’i are extensional stiffness between first, 
second and third neighbours; k<l >\ /:</>'</>' are an 
angular and an interaction stiffness respec- 
tively for angles 0 ' = cor'(p^“ l)/2p ^ 150° 
in the tetrahedral coordination of first neigh- 
bours. 

In particular, is the stiffness of the 
lattice mode {B). 

The form of (1) shows clearly that > 0 
even when consequently, the 

stiffne ss of the compound displacement 

1(A ) must possess a positive (fl) 
component and its vanishing must depend on 
a negative (A) component which, until it 
attains a sufficient magnitude, affords no 
path to a state of lower free energy than the 
liquid. 

An alternative possibility is that instability 
of the (A) mode might initiate melting. We 
reconsider this possibility later (Section 
6 (viii)). 

4. THE SOLID-SOLID LINE [TV) 

The experimental evidence for the non- 
reconstructive character of this transition is 
very strong[ 8 ] (Barnett, Bennion and Hall, 
1963) and encourages an interpretation of it 
as an ‘atomic buckling’ process related to the 
instability of normal modes. 

The lattice modes (/I) and (B) can provide 
a compound displacement which offers a 
kinematic path between the two solid phases 
Snl-Snll. The necessary ratio of displace- 
ments (A)\ (B) is 2:1 and it is necessary 
that the deformation energy of the compound 
displacement should vanish for the compound 
mode to account for the transition 

i.e. ( 3 ) 

where 

^ _ 4[p^/:^+441 . 

" i+p' ^i+v 
. I (>p^k(f> 


and //«, as defined by ( 2 c), are the stiffnesses 
of the (A) and (B) modes in the notation 
of (I). k<l> is an angular stiffness for angles 
<l> = cor^[-“pV{l ~ 95° in the tet- 

rahedral coordination of first neighbours. 

The segment TU can now be defined by 
//,, = -//fl/4 which condition expresses the 
zero stiffness of the displacement which forms 
a path between the structures. 

5. THE TRIPLE POINT ID 
The triple point is defined by the inter- 
section of the transition lines ST and TU 
discussed above. In order that the suggested 
interpretation may be acceptable overall, we 
require that 

(i) d‘ii ~ (‘t 2 )prr “ 4//( + ///;>0 

along ST, 

(ii) II “ Ci 2 )eff “ ~ 1 + at T, 

(iii) (cn-rid.ff > 0 , 4A/i + //,i = 0 

along TU. 

The values of physical parameters necessary 
for the fulfilment of these conditions have been 
estimated and their plausibility considered. 

6. VALUES OF THE PHYSICAL PARAMETERS 
FOR THE PROPOSED INSTABILITIES 
The observed data on Snl show that the 
axial ratio icla’) remains substantially con- 
stant over a large range of pressure and 
temperature. In addition, the temperature 
coefficients of the elastic constants at atmos- 
pheric pressure over the range 100°-300°K 
are, except in the case of (*, 3 , measured 
quantities. Pressure coefficients are not so 
readily available, however, using arguments 
analogous to those of Musgrave and Pople 
[9] (1962), the (rjeff can be expressed in 
terms of C/’J, the constants implied by the 
actual atomic dimensions, and the pressure 
P. Taking advantage of the approximate 
constancy of axial ratio, it has been assumed 
that 
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+ Ac,(/,y=I,2....6) (5) 

where Ac = c’-r« = AF + BP‘^'^C(T—Tn) + 
D{T^-Tfi') and the values = 6-63 X lO"' hi 
kbar; B = 1-20 x 10-‘‘ A/kbar'; C = 9-54 x 
10"*' A/kbar; /3 = 1 -04 X 10’^ A/kbar^ were 
determined from the data of Barnett, Bean 
and Hall[l] and Lee and Raynor [1 2] (1954). 
in conjunction with the values of Rayne 
and Chandrasekhar [7] (1960) for Ar,j/A7, 
Ar,j/Ac = {Ar,j/Ar)/(Ar/A7) may be obtained 
for all Oj except c,..,. 

Calculations using the above approxi- 
mations and the data in Table 1 afford the 
following results: (see Fig. 1 ) 

Curve ( I ) 

(i) the melting line ST can be attributed to 

the shear constant ^(fn ^ 0, if the 

slope A(r,,-ri,)/A7’--0-75, (Units I()« 
dyn. cm'V°K) 

(ii) the line TU can be attrib uted to the 

instability of the compound mode 2[A ) T (5) 
if is calculated as in (i) and 

r,,(7') -2 74(K Values of 

Idoj, “ {',:») are all positive. 

(iii) the value of required for (i) 

and (ii) implies 7*08, c.f. 5-92 (obs) 

(Units 10" dyn. env “); however this implies 
a very low value of the shear constant 
^(Cm - Cl. 0-075 (calc.), c.f. 0*65 
(obs). 


(iv) the value of r, 3 (R) calculated from 
c,;,(T) and Cult/) is 2-114, c.f. 2-25 (original 
model), 2'8-4’4 (obs). 

Curve (2) 

(v) the line ST is obtained if Afcn — Ci2)/A7 
= ~4’81 (obs) is used with the criterion 

^(^11 ^C|2)(.ff 0, 

(vi) if, consistent with (v), Ci-^ is calculated 

to make //,T//fl/4 0 at ^7 and Ci 3 (/?) = 

2114, then AcWAr = -l’22 and TU is 
obtained, similar calculation with = 

2-00, Ac',;{/A7 = -l-32 yields a curve similar 
to (2) shifted towards TU, the triple point 
T' is then located in the region 800°K, 20 
kburs. 

Curve (3) 

(vii) using similar criteria as in (v) and (vi), 
the intermediate value of A(c'n^Ci2)/A7 = 
- 1-50 yields the line ST and in conjunction 
with CrAR) - 2-1 14, c,AU) = 5-050, AeJM' 
= -1 ■ 19 yields the line TU. 

Finally we may note: (viiij if the line ST is 
reproduced by requiring 0 and thus 

determining while all other parameters 
are allotted their observed values as for curve 
(2), then only a very small change in slope at 
T is obtained when the criterion is altered to 
// 1 ~f ^ 0, owing to the small magnitude 
a p^A’<A7(1+2//')+W. 

These findings indicate that if the Snl- 
Snll change is occasioned by the instability 
of the compound mode and an appreciable 


Table I. EUvstie stiffnesses {e,^: units, \{V' iiyn.cm ’] and temperature coefficients (Ar^j/AT; 
units, \iVdyn.cm -^K) of white fin (Sn\) (after Rayne and Chandrasekhar) 


u " 


44 

6f) 

1 i-i: 

13 


(u '7 2^ 

8 84 

2 ■20 

2 40 

1-29 

2-8-4-4 

(obs) (R & C) 






2-25 

(1963 model) 





0 15 (1) 







0-97 (2) 

2-114 

(curves (1-3)) 





0-31 (3) 



40(RAO 

^'0(R&( I 

1 V(K&C) 

1 

0 75 

122 

(curve (1), fit toSTC) 





4 81 (R&O 

1-26 

(curve (2),ST'IJ) 





1-50 

1-19 

(curve OJ.ST'V) 
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F'ig. I. Observed and calculated phase lines for tin. line segments between observed points; 

calculated lines: (I) lit to STU, (2) based on observed values of al! parameters. (3) based on 

observed values except A (ci, -Cijl/AT' --I-50x 10^ dyn.cm“V“R- 


change of slope from ST to Til is to occur, 
the melting is not attributable to the varia- 
tion of the constant r,.-, to whose value Hi 
and //« are most sensitive. If melting is to be 
associated with a simple instability, the 
criterion i((’n “ is suggested 

by the observed temperature coefficients. 
The calculations here reported indicate that 
a very low value of this parameter in the 
neighbourhood of the triple point is necessary 
if the proposed interpretation of the phase 
diagram is to afford a valid approximation. 

7. DISCUSSION 

U is evident that the calculations here 
offered are based on far from rigorous assump- 
tions and it may well be that the kinematics 
of the phase changes has been over-simplified. 
However, while the thermodynamic free 


energies of two phases undoubtedly decide 
their relative stabilities, they provide no infor- 
mation about the kinematic path between 
the structures. The class of non-recon- 
structive or displacive transitions includes 
a number of cases in which such paths may 
be very simple and these offer an important 
opportunity to discuss the precise atomic 
movements involved in phase changes. From 
this point of view, it is contended that the 
present discussion, though imperfect, is 
meaningful since it is susceptible to test and 
may stimulate complementary investigations. 

Long Price [10] (1967) has pointed out that 
results from Mdssbauer experiments and 
specific heat measurements do not offer 
support for the suggested modes of transition 
along TU. However, measurements at 
atmospheric pressure cannot be regarded as 
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ideally relevant and the dependence on 
(P,T) of the constants involved remains of 
crucial interest. 

The macroscopic shear (w,— w,o) which is 
suggested as the mode of melting might 
initially be expected to give rise to large vibra- 
tional amplitudes in the x and y directions as 
compared to the z-direction. However, there 
is internal strain along the z-direction associ- 
ated with this shear so that marked anisotropy 
cannot be expected. Radial distributions in the 
liquid slate have been compared with crystal- 
lographic data for white tin (SnI) but opinions 
appear to differ about the conclusions to be 
drawn from this evidence (1 1] (See Furukawa, 

1 962). A careful investigation of lattice 
amplitudes along the line ST would never- 
theless be worthwhile. Measurements of 
iU'n ~ c'lji) in the neighbourhood of ST would 
also be most interesting. Similarly, it would be 
valuable to have further measurements of 
as a function of {PS). 

The possibility of watching the pressure- 
dependence of the (A) mode in an inelastic 
scattering experiment should not be over- 
looked although it must be recognized that 
high-pressure techniques are generally suited 
to smaller samples than are required for work 
with neutrons, A further possibility is that 
analogous work on the P-T diagram for InSb 


would show a similar pattern and be inter- 
pretable in similar terms. 


Acknowlecigemeni—} wish to acknowledge the able 
assistance of Miss A. Kemp with the computations which 
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THE INFLUENCE OF STATIC ATOMIC 
DISPLACEMENTS ON THE DIFFUSE INTENSITY 
SCATTERED BY SOLID SOLUTIONS 
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Abstract-The diffraction theory for solid solutions given by Matsubara and subsequently extended 
by Kanzaki and by Krivogiaz is used to examine the asymmetry in the diffuse intensity scattered by 
)3 brass and Cu.^Au and also the asymmetry in the satellite intensity diffracted by artificially produced 
sliver-guld layered structures. Good agreement is found between the observed and predicted 
asymmetries. 


L INTRODUCTION 

When X-rays are diffracted by a crystal, 
their distribution in reciprocal space consists 
of sharp, intense Bragg peaks regularly 
spaced in a weak diffuse intensity. The Bragg 
peaks result from X-rays reflected in phase 
by the lattice planes; whereas, the diffuse 
intensity results from X-rays scattered by 
lattice imperfections such as phonons, dis- 
locations, and impurity atoms. Phonon- 
scattered X-rays are by far the major portion 
of the diffuse intensity scattered by a pure, 
well-annealed crystal. In solid solutions X- 
rays are also scattered by the solute (impurity) 
atoms and by the static displacements result- 
ing from the size difference between the 
solute and solvent atoms. These intensities 
which add to that from phonons, often 
constitute the major portion of the diffuse 
intensity scattered by a solid solution. 

Matsubarafl] has shown that the Born and 
von Karman[2, 3] microscopic theory of 
elasticity, developed for the dynamic proper- 
ties of crystal lattices, can also be used to 
estimate the static distortions in solid solu- 
tions and, thus, the diffuse intensity of X-rays 
scattered by them. In this approach, which has 
been significantly extended by Kanzaki [4] 
and by Krivogiaz [5], the net force acting on an 
atom is separated into an internal force and 


a lattice force. The internal force is related 
to the solute distrubition and is assumed to be 
proportional to the size difference between 
solute and solvent atoms. The lattice force is 
assumed, as in the dynamic theory, to be 
proportional to the displacements of the atoms 
from their sites on the average lattice. The 
principal result used in the diffraction equa- 
tions is the Fourier representation of the equi- 
librium balance between the internal and lat- 
tice forces. This is a linear relationship 
between the Fourier coefficients of the solute 
distribution and those of the displacement field, 
which on substitution into the diffraction equa- 
tions allows the diffuse intensity (neglecting 
thermal diffuse scattering) to be written solely 
as a function of the solute distribution for a 
particular alloy system and composition. 

In this paper the Matsubara, Kanzaki and 
Krivogiaz (M.K.K.) theory is used to analyze 
the diffuse intensity scattered by solid solu- 
tions of cubic symmetry. This provides a test 
of the theory while elucidating its important 
applications. The first portion is a review 
of the M.K.K. theory in which the equations 
are written in a form suitable for an analysis, 
which follows, of the asymmetry in the diffuse 
short-range order ‘peaks’ of /3 brass [6] and 
Cu^Auf?]. Application of the equations to 
satellite theory [8- 12] is then considered in an 
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examination of the asymmetry in intensity of 
satellites diffracted by artificially produced 
silver-gold layered structures [13]. Finally, 
the results are summarized and the advantages 
and limitations of the theory are discussed. 

2. THEORY 

The diffraction equations for solid solutions 
The scattered amplitude in electron units 
for a binary, substitutional alloy is 

0(h) = S [/+ iL-f\)^(p)] 

xexp{-27r/s(y/) • [x(/;) -hu(/;)]}, (I) 

where /, and are the atomic scattering fac- 
tors of components one and two respectively, 
/ is the mean atomic scattering factor of the 
alloy, and qip) is the 'composition variation’ 
at site [p): 

I I ~ ( if an atom of component two is 
at site (/?), 

-r if not, 

in which c is the atom fraction of component 
two. The single index (p) is shorthand for the 
triplet {p^.Pi. p.i) determined from the vector 

Mp) ^ Pi'^\^ Pi'^i^Pa»,( 

from the origin to site (p) on the undistorted 
lattice where a,, a.>, and a.t are the usual, non- 
primitive, lattice translation vectors of the 
h.c.c. or r.c.c. lattice. Thus, each p, will be 
either an integer or half integer. 1 he vector 
u(/;) is the equilibrium displacement of the 
atom at site ip), and sih) is the usual vector 
in ‘dift'raction space’ or //-space: 

s(/i) = (S~SJ/X, 

where So and S are unit vectors in the direction 
of the incident and diffracted beams, respec- 
tively, and kii is the wavelength of the radia- 
tion. The single index (h) is shorthand for 


determined from the vector s{h) 
written in the form: 

s{h) = /i,b| + /t2b, + /i3ba, ( 2 ) 

where bi,b 2 and bg are the reciprocal lattice 
vectors; 

bj * 3; 8{J, 

in which 6^ is the Kronecker delta. 

The function q(p) , defined only at the lattice 
sites, can be represented by the Fourier 
polynomial: 

(lip) = 2 Qill) exp[/k(^) • x(/7)], (3) 

where (g) is shorthand for deter- 

mined from the wave vector: 

k{jc) = 27r(^,bi+^'2b2 + A^ib;i). (4) 

If for simplicity, we assume that the crystal is 
a large cube containing unit cells then each 

(/- 1,2,3) 

where nii is one of the integers — w, — n + I , . . . 
n- 1, a; which determine the coordinate g, of 
an ‘allowed’ site (^) in the first Brillouin zone; 
the summation in equation (3) is over all the 
sites (g) in the zone. Similarly, we can write 
the Cartesian components of the displace- 
ments as 

«,(P) = S exp [ik(g) • \{p)]. 

•I 

When the product s(//)*u(/a), which 
appears in the argument of the exponential in 
equation ( I ), is small, it follows that 

exp{-27r/s(/i) • [x(/)) Tu(p)]) 

- [1 —lirisih) • u(p)] exp [-lirisih) • x(p)]. 

( 5 ) 
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This approximation will usually be valid in a 
(roughly) spherical region Sbout the origin of 
diffraction space extending to the nearest 
Bragg peaks. As the distance, ls(/?) |, from the 
origin increases so does the error in the 
approximation. Upon replacing the exponen- 
tial in equation (1) by the right-hand side of 
equation (5) and q{p) and u(p) by their 
respective Fourier polynomials, we find that 
the diffuse intensity (neglecting thermal 
diffuse scattering and the higher order term 
involving the product of u(p) and q(p) in the 
amplitude expression) ist 

= \a(h)\^ 


and are the Fourier transforms 
of the solute-lattice and lattice coupling para- 
meters [1 4], respectively. (The lattice coupl- 
ing parameters are often called ‘atomic force 
constants’.) The general expressions for these 
transforms and for the function 0/^^) are 
given in Appendix A. 

Equation (7) allows the displacement 
Fourier coefficients in the intensity expres- 
sion, equation (6), to be replaced by the 
product “0j(^)C(^^)- After this replacement, 
the intensity, in Laue units, is given by 




m 


-(2Trifla)h,U,{)>)\^ (6) 

where N is the number of atoms in the crystal. 

The force-balance equations 

For cyclic boundary conditions, Krivoglaz 
[5] has shown using the microscopic theory 
that the equilibrium balance between the 
solute and lattice forces yields the relation: 


= ( 7 ) 


A derivation of this equation is given in 
Appendix A. The function which 

connects the solute and displacement Fourier 
coefficients can be written in a relatively 
simple form when the wave vector is in either 
the 1100], [110] or [111] directions (summation 
convention is not implied here)[l4J: 






C(8) 


(fz J\} 


+ (27rifla)hf)^(g)\^ 


( 9 ) 


where 


C(8) = Ci-8) 


c{l~c) 


Since the solute variation q{p) and the com- 
ponents i4i(p) of the displacement vector are 
assumed to obey cyclic boundary conditions, 
it follows that their Fourier coefficients are 
periodic in /i-space: 

Q(8)-Qih'-h8) 

and likewise the function connecting them in 
equation (7): 


0j(A') = 


(high symmetry direction), (8) 

where /?, k and /, either zero or one denote the 
high-symmetry direction [hkl]. The functions 


ISummmion over repeated subscripts is implied and 
+ is shorthand for + + + where 

(/t' ) is the site of the Bragg peak nearest {h). 


We may, therefore, write equation (9) in the 
simpler form [5]: 


/(^)- 


C{h) 




+ (27Tiflii)hi&i(h)\\ (in 
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This equation relates the diffuse intensity in 
Laue units to the function C{h), defined by 
equation (10). This function equals the diffuse 
intensity when there is no size dilference and 
is usually termed the short-range order 
intensity. 


/(/tt,0,0) = l-2B 


hi sin nhi 
1 — cos irhi 




/ hi sinTrhi ^ 
\1 —cosTr/ii/ 


for this example where 


( 12 ) 


The size-effect intensity and the Huanf> peak 
Borie|15], in his formulation of this prob- 
lem, found it advantageous to break the diffuse 
intensity into three terms: the short-range 
order intensity, the 'size-effect’ intensity [1 6], 
and the Huang peak[17J. These separate 
intensities are also included in equation (II). 
The short-range order intensity at site (//) is, 
of course, C(h). The presence of the size- 
effect intensity and the Huang peak is some- 
what obscure and it is advantageous to discuss 
them for a simpler form of equation (9), the 
intensity along the (KX)] direction in //-space 
scattered by a random distribution of solute 
on an f.c.c. lattice. For this case it is well known 
that the short-range order intensity, given 
by equation ( 1 0), is uniform and equal to unity. 
If, for simplicity, only nearest neighbor inter- 
actions are assumed, then the long wave rela- 
tions in Table A. 5 for f.c.c, crystals can be 
used to express the coupling parameters 
uniquely in terms of the macroscopic elastic 
constants: 


(ii ^ 

where T](^ dajadc) is the linear expansion 
coefficient per unit composition change. 
With this assumption, it follows from equation 
(8) and the expressions for d>i(//) and <l>ii(h) 
in Table A. 2 that 


e),(//„(K0) 



:'ii + 

' /sinTrft, 


I — cos 7rhJ' 


Thus, if the scattering factors are real, the 
intensity given by equation ( 1 1 ) is 


B = T^vicn + 2c,2)/[(/2-/,)2c„]. 


The first term, unity, on the right-hand side 
of equation (12) is the short-range order 
intensity. The second and third terms are the 
size-effect intensity and the Huang peak, 
respectively. The functions 

sin7r/ii hisinnh] / //j sin ttZ/j 
! — costt/ii’ I — costt/i,’ \1 -cosir/i^/ 

are shown in Fig. 1. The first is asymmetric 
about every Bragg peak: ft, = 0, 2, 4, . . . 
Multiplication by ft, yields a term proportional 
to the size-effect intensity which is symmetric 
about the origin but asymmetric about the 
other Bragg peaks and the superlattice posi- 
tions: ft, — 1 , 3, 5, . . . The square of this 
function is proportional to the Huang peak for 
this direction in //-space. It is zero at the super- 
lattice reflections but very large in the vicinity 
of the Bragg peaks. (The approximation in 
equation (6) will, therefore, break down very 
close to a Bragg peak.) 


Tvaliuitin^* the barren short-ran^e order 
parameters 

Now that we arc confident that the three 
intensities described by Borie are included in 
equation (9), we shall not continue with a 
separate consideration of each because no 
advantage is realized here by doing so. Often 
only the short-range order intensity is of 
interest: 


C(ft) - /(ft)<7(ft), (13) 

where from equation (II), 
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is a function which converts 1(h) upon 
multiplication into the short-range order 
intensity at (h). Because this operation 
‘corrects’ the diffuse intensity for the ‘size- 
effect* and Huang modulations, we will term 
G (h) the intensity correction function. 

Since equation (13) relates the short-range 
order intensity at (h) to the diffuse intensity 
there, it allows us to obtain the Warren short- 
range order parameters defined by the equa- 
tion: 



M-Z 


X C(h) exp [27r/s(/?) • x(/;)] d/i, dki d/i,, 

(15) 

where z is the number of atoms in a unit cell 
and the integral is over the first Brillouin 
zone. From equation ( 1 3), we see that: 



This equation, first obtained by Krivoglaz[51, 
should be very useful for extracting the short- 
range order parameters from the diffuse in- 
tensity. The equation has a simple form and 
includes, properly, the ‘size-effect’ and Huang 
corrections in the function G{h). This cor- 
rection function is valid, in principle, over the 
entire Brillouin zone, the volume of integra- 
tion; whereas, the ‘size-effect’ correction of 
Warren, Averbach, and Roberts is only valid 
near the superlattice positions (unless a large 
number of Fourier coefficients are used) and 
equations for the Huang peak based on con- 
tinuum elasticity theory are valid only in the 
vicinity of the Bragg peaks. 



Fig. 1 . Functions related to the diffuse scattering by static 
displacements when the solute is randomly distributed: 
(sin7r/i)/(l -costt/i) is asymmetric about every Bragg 
peak; multiplied by h it yields a function proportional to 
the size-effect intensity [16]. The square of the latter is 
proportional to the Huang peak[171. 


3. THE DETERMINATION OF THE 

SOLUTE-LATTICE COUPLING PARAMETERS 

The function G(h) can be evaluated from 
the atomic scattering factors, the elastic 
constants and the lattice and solute-lattice 
coupling parameters. The lattice coupling 
parameters have been measured for a sub- 
stantial number of pure crystals and ordered 
alloys. Thus rough estimates for a variety 
of disordered alloys can be obtained by 
interpolating the pure-crystal values or by 
averaging the values coupling the displace- 
ments of the different types of atoms in the 
ordered crystal. Moreover, the lattice coupl- 
ing parameters can be measured directly for 
disordered alloys in which the mass difference 
between solute and solvent atoms is small 
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[18-20]. The most extensive measurements 
are for the niobium-molybdenum system [ 1 9], 
As we shall now show, the solute-lattice 
coupling parameters can be determined from 
an analysis of the asymmetry in intensity of 
the diffuse short-range order peaks provided 
that the lattice coupling parameters are 
known. To do this it is necessary to obtain 
the intensity ratio 

Rie) =/(//" -he)//(/?"-t) (17) 

I 


where (//') is a superlattice position and 
(/i"”e) and (//" + €) are sites equally distant 
from iff) on a line from the origin passing 
through the superlattice position. Since the 
short-range order intensity, C in equation (10), 
is the same at (/t"±€), the theoretical value 
for this ratio is from equation (13): 

RU) -<'/(/r~6)/c;(/?" + t). (18) 

We sec from the definitions of 6’ ( /i ), equation 
(14), and the function equation (8), 

that the solute-lattice coupling parameters 
can be evaluated by fitting the theoretical 
ratio, equation (18), to experimental intensity 
ratios. After the solute-lattice coupling para- 
meters have been determined in this manner, 
they can be used with the lattice coupling 
parameters and atomic scattering factors to 
determine the correction function, G{h), 
itself. 

To demonstrate this method, we have fitted 
the function Rle) to the intensity ratios 
measured by Walker and Keating [6] and by 
Moss [7] along the [1(K)] direction in /?-space 
for brass and Cu;,Au, respectively. The 
lattice coupling parameters for these systems 
have not been measured directly and it is 
necessary, therefore, to estimate them. Thus 
the values for the solute-lattice coupling para- 
meters will also be estimates. This is of little 


consequence for our purposes since the 
analyses provide a test of the theory and do 
yield a set of self-consistent coupling para- 
meters adequate for the determination, along 
the [100] direction, of the intensity correction 
function, (7(/i), and the short-range order 
intensity, C(/z). 

Using the values tabulated in Tables A. I 
and A. 2 for the Fourier transforms of the 
coupling parameters, we find from equation (8) 
that 

(19) 

and 

a(/i.,0,0) -B:,(/7,,0,0) =0, 

when the wave vector is in the [100] direction. 
The coefficients and 4^2^ which can 

be interpreted as interplanar coupling para- 
meters, are given by the relations: 

2fb,-b8a, (b.c.c.) 

4^, 8a. 

and 

“ 2^2 + 

for b.c.c. crystals, and by 
- 8a, + 16/3, 

^2 = 2a2 + ^<^^;i (f.C.C.) 

= 8a, + 16/3, 
and 

^2 = 2a2 + 8a, 

for f.C.C. crystals. The shorthand notation 
used for the coupling parameters is described 
in Tables A. 3 and A.4. 


C9,(/i,.0,0) 


f[H^ sin tt/i, + sin 27r/7,] 

( I “COS 77/?,) +'[^2(1 “COS 27 r/?i) 
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p Brass 

We have estimated the lattice coupling para- 
meters for disordered ^ brass by averaging 
those for the ordered alloy [ 21 ] coupling the 
displacements between copper- copper and 
zinc-zinc atoms. These values were then 
corrected to the temperature, 543®C, where 
the diffuse intensity was measured [ 6 ] by 
requiring them to obey the first long wave 
relation for b.c.c. crystals in Table A. 5, Cn 
being evaluated from the results of McManus 
[22]. The values estimated aref 

at-8315.a2 = 3817,a,= 1116. 

The function 

/?(€,,o,o) - G(i~€,,o,0)/r;(i+6,,o,o) 

is shown in Fig. 2 for three ratios of '{%/^F,~the 
individual values being determined from the 
long wave relation: 

+ 24^ = 4‘2ci 2) (b.c.c.) 

which follows from the b.c.c. long wave rela- 
tions in Table A. 5. The value for 

da 

^ cidL\„ 

= 0-068 

was obtained from the composition variation 
of the lattice parameter reported by Beck 
and Smith [23]; the lattice parameter a is 
3-0 A at 543®C. The scattering lengths for the 
isotopes of zinc (natural) and copper (98-3% 
Cu^’'^)[ 6 , 24] were substituted for /j and /i, 
respectively, following the convention of zinc 
being component two used in the determina- 
tion of the sign of 17 . The points are the 
intensity ratios / (I +€i, 0 , 0 )//(l 0 , 0 ) at 

543°C measured by Walker and Keating [7], 


tAll lattice coupling parameters are given in units of 
dyn/cm, and all solute-lattice coupling parameters are 
given in units of dynes. 



Fig. 2. Ratio of the diffuse intensities at equal distances 
e, about the 100 (superlattice) position along the [lOO] 
direction in brass /j-space at M3®C(6] The curves are 
theoretical ratios obtained using the following interplanar 
coupling parameters: 

Curve 'I'j MS 

I ower dashed f)-65 x 10^ | 65 x 10^ 1 7S x |0 ♦ 0 

Solid (best fit) 6-6Sxi()‘ 165xHP l-bxio * 5-6XI0* 

Upper dashed ^ x 10' I 65 x lO' l 42 x lO ' ] 48 x 10 =' 

The best fit is obtained for the ratio = 
0-035 and is shown by the solid curve. The 
lower dashed curve is for 4^2 = 0 and the upper 
for a ratio of 0104. A repeat of this procedure 
using the 111 short-range order peak would 
allow and du to be determined independently 
since they appear as coefficients of different 
functions in this case (See Table A. 1 ). 

The values 4'i = l-58xl0 ^ = 

10~^ for the best fit in Fig. 2 were used to 
obtain the short-range order intensity using 
equation (9). The results are listed in Table I. 
The intensity /(I ± 6 ,, 0,0), uncorrected for 
the size-effect, is seen to be very asymmetric 
about the superlatlice position. The short- 
range order intensity given by equation (13), 
however, is symmetric within experimental 
error. Walker and Keating [ 6 ] used the method 
of Warren, Averbach and Roberts [16] to 
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Table 1 . Diffuse intensity of brass at 543°C [6] 


Short-range order 

Measured intensity [6]t intensity, equation (13) 

€, /(l-6,,0,0)/(l-l-c,,0,0)r(l-«„0,0)C(l+e,.0,0) 


0 

9-00 

900 

90 

90 

005 

8-40 

6-95 

7-5 

7*9 

010 

6-45 

4-30 

5-3 

5-7 

015 

4 55 

1-95 

3-4 

3 1 

020 

3-05 

1-28 

2-2 

2-4 


tThe thermal diffuse intensity has been subtracted. 


correct for the size effect and the resulting 
short-range order peak was still significantly 
asymmetric. This was interpreted as a peak 
displacement to lower angles in contrast to 
short-range order studies on copper-gold 
alloys where a shift to higher angles is 
observed. The peak shifts in both systems 
seem to be a result of inadequate size-effect 
corrections and are not related to fine struc- 
ture such as ordered nuclei, often suggested 
as a possible cause of this effect in copper- 
gold alloys. 

CU;,AU 

7'hc function /? (cj, 0, 0) ' and the intensity 
ratios /( I - e,, 0, 0)//( 1 + e,, 0, 0) measured 
by Moss [7] for Cu^Au at 405° and 450T 
are shown in Fig. 3. Since the elastic con- 
stants do not change markedly between these 
temperaluresl25|, the microscopic theory 
predicts that the intensity ratio /(!“€,, 0,0)/ 
/(l + e,,0,0) should be the same at both 
temperatures. This is in fact observed, even 
though the individual intensities changed 
significantly between the two temperatures 
[7]. 

The lattice coupling parameters for pure 
copperf26] (neither those for pure gold nor 
those for the ordered alloy have been 
measured) and the high temperature elastic 
constants forCu;,Au [25] were used to estimate 
7^, and 'F., for the alloy: 

% = I0‘6x 10\'F, = 0*32x 10'. 


The dashed curve in Fig. 3 was calculated 
using these values with the assumption of 
solute-lattice coupling between nearest- 
neighbors only: 

and 

4',=^(c-„ + 2f„) 

= -4'3xl0“< (20) 

at 405°C. The value for 

__ 

^ uJccu 
-- 0'148 

was obtained from the lattice parameter 
measurements compiled by Pearson |27], and 
the value of 3-77 A was used for the lattice para- 
meter, a. The Thomas-Fermi^Dirac values 
were added to the real and imaginary parts of 
the HonI correction [28] in the evaluation of 
the atomic scattering factors /, and for gold 
and copper, respectively. 

The fit cannot be improved by assuming 
that solute-lattice coupling parameters for 
second or third neighbors are non-zero, ft 
can, however, be improved by assuming that 
the ratio of interplanar coupling parameters, 
in the alloy is greater than for pure 
copper. The solid curve is for 'P, equal to the 
value given by equation (20) and for a ratio 
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Fig. 3. Ratio of diffuse intensities at equal distances e, 
about the 100 (superlattice) position along the [100] 
direction in Cu:,Au /t-space at 405“ and 450°C[7]. The 
curves are theoretical ratios obtained using the following 
interplanar coupling parameters: 

Curve % '1^2 ^1 

Odhsed 10 6x10^ 0 32x10' 4-3x10*' 0 

('t'l and 4^2 estimated 
from pure Cu force 
constants [26]) 

Solid (best fit) 7-75x10' 107x10* 4-3x10' 0 


of = which from the relation 
+ 41^2 == 2acu yields: 

^,=-l‘15x\Q\%= 1-07X10T 

These values were used to obtain the short- 
range order intensity from the measured 
values of 0)[7], and the results are 

listed in Table 2. The short-range order in- 
tensity C(/ti,0, 0) is, within experimental 
error, symmetric about the superlattice 
position as required by theory. 

4. SATELLITES IN SILVER-GOLD 
LAYERED STRUCTURES 

The Fourier representation of the force 
balance, equation (7), expresses a correla- 


tion between the composition and displace- 
ment modulations. If, for example, the 
composition modulation is a sine wave: 

q{p) ^Asink{g)^x(p) 

the displacement modulation will be a cosine 
wave of the same wave vector: 

wj(p) = cosk(^) - x(p). 

The displacement equation follows because 
the proportionality coefficient, 0j(^), in the 
force balance equation is purely imaginary 
with 0j(^') = — 0j(-g). (This can be shown to 
follow from equation A-6 and the properties 
of the Fourier transforms of the coupling 
parameters [14].) A correlation of this type 
between the composition and displacement 
modulations is intuitive and is always assumed 
in discussions on satellite theory [8- 12] in 
which the intensity scattered by a planar 
lattice having a sinusoidal composition 
modulation of long wavelength is usually 
calculated. That theory, however, incorporates 
a strain parameter which is known only to be 
proportional to the si^e difference. The im- 
portant influence of elastic anisotropy on 
the strain parameter, for example, is not 
included. 

The satellite problem can also be treated 
by the M.K.K. theory, which is not limited to 
a planar lattices and long wavelength composi- 
tion modulations and uses elasticity theory 
to determine the strain parameter or, more 
generally, the function 0j(/i). Since the 
M.K.K. theory uses Fourier methods, the 
resulting equations can be applied directly to 
the satellite intensity problem. 

Satellites about a 222 peak diffracted by a 
silver-gold, layered structure are shown in 
Fig. 4. The structure was produced by evapo- 
rating alternate layers of silver and gold onto 
a mica substrate and was used to study inter- 
diffusion over short distances at low tempera- 
tures [13]. The particular, as-evaporated, 
specimen shown in Fig. 4 had a mean com- 
position of 32*0 at. pci gold, a total thickness 


0 




Irfensdy counts / sec 
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Table 2. Diffuse intensity of Cu^Au at 405° and 450°C [7] 


Short-range order 

lemperaiure Measured intensity [7]t intensity, equation (13) 

(T) e, /(I -€,,0. ())/(! f Ci,(),0)C'(l-ei,0,0)C(l+€i,0,0) 


405 


450 


0 

{)-05 

0-10 

()'20 

0-30 

0 

0 05 

O-U) 
0-20 
0 30 


13-I3 

9-02 

4-23 

1- 23 

0- 47 
6 56 
4-85 

2- 92 

1- 09 
()'54 


13‘13 
1 1 -85 
712 
2-66 
180 
6-56 
6-2X 
4-83 

2-67 
I 55 


1313 
1005 
512 
I HI 

0 79 
6-56 
5*40 

3-60 

1 -60 
0-92 


13*13 

10*59 

5- 58 
1-68 

0- 91 

6- 56 
5 61 
3*85 

1 - 68 
0*78 


tThe thermal diffuse and Compton modified intensities have been sub- 
tracted 


of 4710 A and the average spacing for each 
silver plus gold layer was - 33 A. The satel- 
lites resulted from X-rays scattered by the 
Fourier coefficient of the composition 
modulation having a wavelength equal to 
the 33 A layer spacing. (Although not shown 
in Fig. 4. satellites associated with the higher 
harmonics of the composition modulation 
were sometimes observed in the as-evaporated 
films, particularly at low angles where the 
intensity is greatest.) According to satellite 
theory, the atom with the largest scattering 
factor, gold, is smaller in solution than the 
other atom, silver because the satellite at 
higher angles is more intense] 1 1 1. 

Only the III and 222 Bragg peaks were 
observed for the 0-20 scan of this specimen 



Mg 4. Chart scan of inlensity about 222 peak diffracted 
by Ag-32 at pet Au layered structure showing asymmetry 
in satellite intensity caused by the correlation between 
scattering factor and displacement modulations. 


in which a normal to the substrate bisected 
the angle formed by the incident and diffracted 
beams. This indicates that most of the grains 
in the film had their [111] direction per- 
pendicular to the substrate. Furthermore, it 
follows that the wave vector k(^,') for the 
Fourier coefficient associated with the satel- 
lites is in the [ 1 1 1 ] direction: 

k(i^) = 27r,e(hiTb..Tb;,) (21) 

of magnitude 

A'(.C) ~ 27r/A. 

= ( 22 ) 

where the wavelength A is equal to the mean 
thickness of a gold plus silver layer. 

Since equation (9) is written for the in- 
tensity scattered by a sinusoidal composition 
wave, it can be used for a quantitative evalua- 
tion of the asymmetry in satellite intensity. 
When the wavelength is large compared to 
the lattice parameter we can estimate the 
satellite intensities from equation (9) by re- 
placing the trigonometric functions which 
appear in the explicit expressions for 0,(^») 
and <I>,j(^^) (see Table A.2) by the leading 
terms in their expansions about = 0; / = 1 , 
2, 3. The sums of coupling parameters which 




THE INFLUENCE OF STATIC ATOMIC DISPLACEMENTS 


1107 


then occur can be expressed in terms of the 
macroscopic clastic constants using the long 
wave relations in Table A,5 On doing this we 
hnd 


S{n±dlk) KN{A^I4) 


(/ 2 -/ 1 ) 


(n±d/X\/^3(cM + 2ria) ^ 
(±cy/A)(c,,+4c^4 + 2cv>) 


(23) 


for the satellite intensity at site (//,h,A) in 
which each h — h' n± diK where d is the 
spacing between ) 1 1 planes and n is the order 
of the reflection-n = 0 for satellites about 
the origin, = I about 1 1 1 peak, = 2 about 222, 
etc. The parameter K includes the various 
corrections such as the Lorentz, polarization, 
etc., which convert the theoretical intensity 
in electron units to the measured intensity. 
The various corrections used are described 
in Appendix B. 

To test equation (23) against the measured 
satellite intensities, we have calculated the 
ratio S(n-\-dlk)IS(n — dl\) as a function of 
7). (The elastic constants were interpolated 
from those tabulated by Huntington[29].) The 
result is shown in Fig. 5 for a 32 at. pci Au 



^7] X 10* 


Fjg. 5. The theoretical variation of the satellite intensity 
ratio as a function of 17 . The calculations are for satellites 
about the 222 Bragg peak of a 32 at. pci Au specimen hav- 
ing a 33 A layer spacing. Plots of this type were used to 
determine 7 ? from the measured satellite intensity ratios. 


specimen where the measured intensity ratio 
is shown as a horizontal line. The calculated 
ratio fits the measured ratio at -t/ = 0-0033. 
This value is in good agreement with the value 
0-0037 estimated from the precision lattice 
parameter data for Sachs and Weerts[30]. 
Results of this calculation for other layered 
structures used in the diffusion measurements 
are shown in Table 3. (Several specimens hav- 
ing very short wavelengths (-7-5 A) were 


Table 3. 17 values obtained from ratios of 
satellite intensify diffracted by silver-gold 
layered structures 


Composition Wavelength 



Estimated 

(al.pcl) Au 

(A) 

TjoXlO'* 

7)X I0> 

T) X m 

IS'] 

22-1 

-3'1 

-5-1 

-5 9 

32 0 

33-5 

-2'3 

~3-3 

-3-7 

37'9 

19-5 

- 2-2 

-30 

-2-9 

37'9 

21 6 

-2'3 

- 2-8 

-2 9 

500 

24-2 

-M 

-2-4 

-1 7 

500 

24 4 

-0-9 

-L3 

-1-7 


tEslimated from the precision lattice parameter measure- 
ments of Sachs and Weerts (30) 


used in the diffusion experiments! 13], but the 
intensity of these satellites was appreciable 
only about the 000 reflection where the pro- 
cedure described here for estimating i) can- 
not be used.) The results are summarized in 
Fig. 6 where the lattice parameters and slopes 
du/dr == ar) are compared with the measure- 
ments of Sachs and WeertsI30]. The lattice 
parameters of the layered structures were 
determined from the position of the 222 peak 
and thus are not highly accurate. The change 
in lattice parameter as a result of diffusion is 
more reliable and is, roughly, equal to the 
difference between the lattice parameter of 
the homogeneous alloy measured by Sachs 
and Weerts and the Vegard’s Law value. 
Moreover, the value of tj changed as diffusion 
progressed. The values determined from the 
as-deposited structures, listed as in Table 3, 
are less in absolute value than those obtained 
after appreciable diffusion had occurred. The 
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Kiji. Chanpcs m lattice parameter and cialdc (—«7/) during 
annealing ol the layered structured compared with the differ^ 
cnee between the Vegard’s (aw and homogeneous solid 
solution values tor these quantities (30J 


latter tire listed os t] and were measured when 
Ihe mean value of the satellite intensities was 
between 0*3 and 0-4 of their mean value in the 
as-deposited structures. They agree quite 
well with values estimated from the slope of 
a smooth curve through the precision lattice 
parameters. Thus, as diffusion progressed, the 
lattice parameter and t) (-daladc) changed 
from their Vegard’s Law values to the homo- 
geneous solution values. It was important to 
recognize this in the diffusion experiments 
because the change in 17 was a major source 
of the initial non-linear behavior in the log 
intensity versus lime curves used to deter- 
mine the dift'usivities. (See, for example. 
Fig. 2 in reference ( 13|.) 

5. SUMMARY AND DISCUSSION 
The results presented here support the 
M.K.K. theory. Agreement between the 7 } 
values obtained from the satellite intensity 
ratios and the values obtained from the pre- 
cision lattice parameter measurements of 
Sachs and Weerts is particularly significant 
because the constants in the expression for 
the satellite intensity, equation (23), were not 
at our disposal. In the analyses of the asym- 


metry in the diffuse short-range order peaks, 
the coupling parameters were chosen so that 
the theoretical expression for the intensity 
ratio, Rie) in equation (18), agreed with the 
experimental ratios obtained from the results 
of Walker and Keating [ 6 ] for /3 brass and of 
Moss [7] for Cu;,Au. It is important to note, 
however, that a major prediction of the theory 
and one which could be tested without know- 
ing the coupling parameters was the invariance 
of the intensity ratio to changes in the amount 
of short-range order, Fig. 3. 

Selecting the solute-lattice coupling para- 
meters such that the theoretical intensity ratio 
fits the experimental ratio is, of course, a 
method for evaluating these coupling para- 
meters. A proper evaluation, however, awaits 
a direct determination by neutron diffraction 
techniques of the lattice coupling parameters 
for the disordered alloys. The ft brass system 
appears promising for this because the phonon 
groups are not excessively wide for the dis- 
ordered alloy [ 21 ] and the asymmetry of the 
short-range order peak is pronounced. 

The methods used are sufficient, neverthe- 
less, to determine the function &jih) with 
reasonable accuracy. The latter can be used in 
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conjunction with the scattering factors to 
obtain the intensity correction function, G (/?) , 
given by equation (14). Multiplication of the 
measured diffuse intensity in Laue units (cor- 
rected for background, Compton modified, 
and thermal diffuse scattering) by G{h) yields 
the short-range order intensity, equation (13). 
As shown by Tables 1 and 2, the short-range 
order intensity obtained by this method was, 
as required, symmetric about the superlattice 
reflection sites. A useful property of the 
intensity correction function should be its 
insensitivity to variations in short-range 
order since once it has been determined for a 
particular system it will not need to be re- 
evaluated for subsequent experiments in 
which the short-range order intensity is 
varied. 

Aiknowledfuments—Th^ author is grateful to Drs, C. B. 
Walker and D, T. Keating and to Professor S. C. Moss 
who so kindly supplied their diffuse intensity measure- 
ments; the silver-gold layered structures were prepared 
and examined at Northwestern University as part of a 
research program directed by Professor J. E. Hilliard and 
supported by the National Science Foundation. The 
author would like to thank Professor P. Perio and Dr. D. 
de Fontaine for several stimulating discussions concern- 
ing satellite theory and is indebted lo Dr. T. L. Johnston 
and Professor Hilliard for critical reviews of an earlier 
manuscript. 

REFERENCES 

1. MATSUBARA T. J., J. ph\s. Soc. Japan 7, 270 
(1952). 

2. BORN M. and VON KARMAN T, P/i.w. Z 13, 
297 (19 1 2); 14,15(1913). 

3. BORN M. and HUANG K., \ii Dynamical Tficnry 
of Crystal Lattices. Oxford University Press, Oxford 
(1954). 

4. KANZAKl H., J. Pliys. Chem. Solids 2, 24, 107 
(1957). 

5 KRIVOGLAZ M. A., Soviet Phys. JETP 34, 139 
(1958). 

6. WALKER C. B. and KEATING D. T., Phys. Rev. 
130, 1726(1963). 

7. MOSS S. C.,7. appi Phys. 35, 3547 (1964). 

8. DANIEL V. and LIPSON H., Proc. R. Soc. AI8I, 
368 (1943); ifr/c/.A182, 378 (1944). 

9. HARGREAVES M. E., Acta crystallofir. 4, 301 
(1951). 

10. JEHANNO G. and PERIO P.,y. Phys. Radium 23, 
854(]962);/W.25, 966(1964). 

11. GUINIER A., In X-ray Diffraction in Crystals, 
Imperfect Crystals, and Amorphous Bodies, pp 
279-282, Freeman, San Francisco ( 1 963). 


12. DE FONTAINE D., In Local Atomic Arrange- 
ments Studied by X-ray Diffraction (Edited by J. B. 
Cohen and J. E. Hilliard), pp. 51-94. CJordon and 
Breach, New York ( 1 966). 

13. COOK H. E. and HILLIARD J. R , 7. appl Phys. 
In press ( 1 969). 

14. COOK H. E. and DE FONTAINE D.,Acia MetalL 
In press. 

15. BORIE B., Acta crystallogr. 10 , 89 (1957); ihid. 12 , 
280(1959). 

16. WARREN B. E., AVERBACH B. L. and ROBERTS 
B. W.,7. appl. Phys. 22 , 1493 (1951 ). 

17. HUANG K.,Fr£;f./?.5£>r.AI90, 102(1947). 

IS. WOODS A. D. B. and POWEI.L B. M., Phy.s. Rev. 
Lett. 15,778(1965). 

19. POWELL B. M., MARTEL P. and WOODS A. 
D. B ,Tobe published. 

20. NG S C and BROCKHOUSE B. Solid State 
Commun. {\9bl). 

21. GILAT G. and DOLLING G.. Phys. Rev. 138, 
A1053(1965). 

22. MCMANUS G.M.,P/iv5.Rf>t' 129,2004(1963). 

23. BECK L. H. and SMITH C. S..7, Metals 4, 1079 
(1952). 

24. KEATING D. T, NEIDHARDT W. J. and 
GOLAND A.N ,Phys.Rev. Ill, 261 ( 1958). 

25. SIEGEL S , Phys. Rev. 57, 537 (] 940). 

26. SINHAS.K.,P/;v,i,/?f'L. 143,422(1966). 

27. PEARSON W. B , ln>l Handbook ofLaiike Spat- 
ings and Structures of Metals and Alloys, Fig. 83. 
Pergamon Press, Oxford ( 1 958). 

28. DAUBEN C. H. and TEMPLETON D. H., Ana 
crystallogr 8,841 (1955). 

29. HUNTINCJTON H. B., Solid St Phvs, 7. 2 14 
(1958). 

30. SACHS G. and WEERTS J , Z. Phys. 60, 481 
(1930). 


APPENDIX A 

A derivation oj the Pouner representation of the fone 
balance 

The coupling parameters which appear in the expression 
for Oj(j?) can be defined and clanfied most suitably 
through a derivation of equation (7). A derivation of the 
equation is given here because of this and because the 
equation is central to the diffraction theory in that it allows 
the diffuse intensity, equation (9), to be written solely as 
a function of the solute distribution for a particular alloy. 

Lei us assume that the atoms are arranged initially on 
a perfect reference lattice and that an internal force field 
is introduced -acting outwardly about the larger atoms 
and inwardly about the smaller- which displaces the 
atoms from the sites of the reference lattice to their 
equilibrium positions. Such a description of the atomic 
arrangement can be based in an analytic manner upon an 
expansion of the net force acting upon an atom in powers 
of the displacements of the atoms from their sites on the 
reference lattice: 

-F,ip) + 2 ^ - L2,3. 

(A-1) 
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The coefficient -(pii{p,p') represents the force on the 
atom at site ip) in direction / resulting from a unit dis* 
placement of the atom at site (//) in direction j. The 
negative value of the leading term in the expansion. 
-fiiifKjf'), represents the internal force field or initial 
force When the atoms are arranged on a Bravais lattice, 
the initial force can be related to the solute distribution 
by the equation 1 141’ 

-p,in} " S (A-2) 

/I' 

where qip') is the solute variation at site ( p ' } as defined 
in Section 2 If a single solute atom is present in an 
infinite host crystal and located at site (//), wc have that 
iC - Of 


(pp) “ 


\p - />' 
0^; / // 




Thus in this limit, ) dor i - 1, 2. 1) represent the 
components of the initial force field which is centered 
about the solute atom In conformity with this limiting 
behavior, ihe coellicicnls (f,{fKp') have been icimod the 
solute-latlicc coupling parametersj 14] Following this 
nomenclature, it is convenient to term the coefficients 
*pi,(p. p'l the lattice coupling parameters. 

At eqiiiltbi Him the net loice is zero and it follows fioni 
equations (A- hand (A-2) that 

V (f.jlp' V 1,2.3 

" (A-4) 

where terms higher than first order in equation (A-i) 
were assumed to be negligible and the coupling para- 
meters were assumed to depend only upon the dilTerence 
( // - P). These tissumplions denote the harmonic approxo 
mation which is invoked so thiii the displacements can be 
related to the solute distribution in a simple, analytic 
manner The Foiiiiei leprcsentation of the force balance 
given by equation (A-4) is obtained by multiplying both 
sides ot I he equation by esp - ' \{p) and siinnriing 

over;) and (>' - p - r 

(A-5) 


The functions 

V cxp/k(^') ' x(r) 

and 

dbdk'l = 2 cxpiki^,') ’ x(;-) 

are the Fourier transforms of the solute-lattice and lattice 
coupling parameters, respectively. The solution to the 
linear system given by equation (A-S) isf5, 14) 

//,(,C) 1,2,3 

where 

bMkO = (A-b) 

and the function is an element of the inverse matrix 
associated with the matrix having elements This 


key result, which was first given in a slightly different form 
by Matsubara[l], relates the Fourier coefficients of the 
displacements, to those of the solute distribution, 

by a linear equation and allows the intensity to be 
written as a function of the Fourier coefficients of 
the solute distribution on replacing in equation (9) 
hy-(rl{u)Q{Kl 

For convenience, the Fourier transforms of the coup- 
ling parameters are given in Table A. 1 for the b.c.c. lattice 
and in 'I able A. 2 for the f.c.c. lailice-the (g) notation 
being replaced by the (//) notation for the diffraction 


I (ihlc A 1 Fouru'r Iransjorm^ of b.c.c. coupling 
paramvlcrs 


Lattice 

1 >ii(//) " 8a|(l '-cos TrhiCos ff/i^cos irh,) 

T 2frj ( I — cos 27rh, ) i 2 "■ cos Inli, 

- cos 27r//i) + 4a,[2 — (cos 277 -f cos 27rh.j) 
'< cos 2:7//,] -b 4/^3 1 — cos Inh, cos Zirb^) 
‘l>,,(//) - 8y, sin 7rh, sin irh.. cos Tihj F4y , sin 27Th| 
sin 277 / 1 , 

Solute-lattice 

d’l (//) — sin 77/1 1 cos nh., cos 77/r, -f sin 277/1, 
f 4a, (cos 3 cos 277//,) sin 27rh|] 


Tohic A 2 l ouncr transforms offc i . coupling 
paHinicicrs 


1 .allice 

<1>, 1 (// ) - 4 a : ,( 3 - cos vhf cos 7r/i_. - cos 77/7, co.s 77/7., ) 

b 4 / 3 i ( I - cos 77/72 <^os 77/1,) f 202(1 - cos 27 r/f,) 
f 2 ^. ( 2 — cos lirfi, — cos 277/1 1 ) 

+ 8a, ( 1 -- cos 277 /j, cos irh, cos 77 / 1 ,,) 

T 8/ij [2 - (cos Itt/u cos tt/i , + cos tt/i^ cos 27r/j.,) 
X cos 77/1,] 

<fii2(//) ^ ^yi sirnrk sin 77 /f 2 + Sy, sin Tr/q sin 77 /i^ cos 277/7., 
f 8 S,(sm 277/7, sin 77/12 77/7, sin liHu) 

X cos 77/1 1 

Solute-latlicc 

4 J|(/ 7 ) — /[4a, (cos 77/7j-)- cos 77/7,)sm 77 / 7 , 

T 2 a 2 sin 2 nil I F 8 a, sin 277/7, co.s nlh cos nhf 
I' Sj^dcos 77/7.2 cos 2 77/7., -b cos 77/7., cos Ink,) 

X sin 77/7,1 


equations. The shorthand notation used for the various 
coupling parameters is described in Tables A 3 and A.4. 
The ‘long wave relations’ which relate the coupling para- 
meters to the elastic constants are given in Table A. 5. 
These relations were obtained from a comparison of the 
microscopic and continuum theory expressions for the 
elastic energy in the limit k(g) — ► 0, i.e. at long wave- 
lengths! 141. These Tables have been taken directly from 
[141 where coupling parameters beyond third-neighbors 
were assumed to be zero. 
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Table A. 3 . Lattice coupling parameter shorthand 
notation 




B.C.C. F.C.C. 


1 

-a, 

-yi 

-ri\ 


-Yi ■ 


-y. 

\ 

^-yi 

-yi 

-ai/ 


hat 

0 

0 \ 

(Pu(L0,0) = 



0 


\ 0 

0 




0 

-yA 

^ij(LO.I) = 



0 



0 



/-a, 0 -yA 

0 0 
\-r. 0 -a,/ 

/-a, 0 0\ 

fu(1.0.0)= 0-/3, 0 

\ 0 0 

/— a 3 — 8n “ \ 

<Pu(LLU = -6,1 -/ 3 a -yi 

6n — 73 — ^3/ 


Table A. 4 . Soiiile-latttcc coupling parameter shorthand 
notation 


where /C is a constant independent of the diffraction 
angle and thus cancels out when the intensity ratios are 
taken. The coefficient. 


BC.C. F.C.C. 


is the Lorentz factor where 6 is the diffraction angle, and 

P - ( 1 4- COS'' la cos^ 20)/( 1 4 cos2 2a) (B-3) 

is the polarization factor where a is the diffraction angle 
for the monochromator which was doubly-bent lithium 
fluoride for these experiments, copper radiation was 
used. The coefficient. 


/«i 


VJ,(I, 0 , 0 )= 0 

\0 

/“l 

^,(l,i,i)= fl,, 


== I «i I 


[a-\ 

VJ*(l,0,I)- 0 


Table A. 5 . l^ong wave t elutions 


BCC 

2oi 4 20, + 8[J£, — ut’ii 
2a I -4 2/3, + 4a., 4 4/3,3 — ac^i 
4y,4-8y,, = n(c,., + r,,) 
d^in 

AiX\ 4 2«-j 4 8 a, = (fi i 4 2t’|, ) 

F.C.C. 

4«i 4 4 o!j 4 1 6 a , 4 8/3 - tir , , 

2a, 4 2/3, 4 4^, 4 4a, 4 20/3, ,-nr 4 , 

4y , 4 Sy.-t 4 328,, = a ( (’,o 4 1 ' 44 ) 

8 a, 44aj 4 16(0,4/8;,) -^(cn 4 2('|J 


APPENDIX B 

Correction factors for satellite intensities 

The coefficient K which appears in the expression for 
the satellite intensity, equation ( 23 ), is the product of 
several terms: 

(B-1) 


T = 1 — exp (— 2 /ji//sin 0 ) 

in which p. is the linear absorption coefficient and t is the 
specimen thickness (measured by an interferometric 
technique) corrects for the finite thickness of the speci- 
men, and D is the usual Debye-Waller factor. 

The largest error in the determination of tj by this 
method probably arises from the improper Lorentz factor. 
I he single crystal factor was chosen, equation (B- 2 ), 
because of the strong preferred orientation of the eva- 
porated specimens. A rough check of the validity of this 
choice was made by comparing the corrected intensity 
ratio of the Bragg peaks. For the several specimens 
studied, this ratio (222/1 1 ])— which should be unity - was 
0-8 using the single crystal factor but was 15 using the 
powder Lorentz factor. This indicates that the proper 
factor, as expected, is somewhere between the two but 
nearer the single crystal value. In this respect it is im- 
portant to note that a twenty per cent error in the satellite 
intensity ratio will yield only about a ten per cent error in 
7 }. The error resulting from the incorrect Lorentz factor 
was smallest for the 32 0 at. pet gold specimen because the 
factor is rather insensitive to diffraction angle in the vicin- 
ity of the 222 peak; 17 would only change from - 3 3 x 1()“’ 
to -3‘5x 10“' for this specimen if the powder factor 
were used. 

The Thomas-Fermi- Dirac values were used for the 


K=iK'){L){P){T){D) 
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scattering factors; the real and imaginary parts of the The measured intensity ratios and the product LX Px 
Honl correction given by Dauben and Templeton [28] TxD art listed in the Table below for the specimens 
Were added to these values. studied; 


Table B. 1 


Composition 
(at. pct)Au 

Wavelength 

(A) 

Thickness 

(A) 

(As evaporated) (Annealed) n 

Lxpx TXD 

18-1 

22 1 

3690 

114 

0-885 1 

0-766 

0-515 

32 0 

33-5 

4710 

0-48 

0-294 2 

0-229 

0-207 

37-0 

19-5 

.*5640 

1-31 

i-18 I 

I-I2 

0-732 

37*0 

21b 

5640 

1-21 

113 1 

1-09 

0-747 

50-0 

24'2 

2700 

1-32 

J-12 1 

0-703 

0-483 

50-0 

24-4 

27(K) 

1-40 

1-28 1 

0-703 

0-483 
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A LOCAL APPROXIMATION FOR EXCHANGE AND 
CORRELATION IN BAND STRUCTURE 
CALCULATIONS* 
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Abstract-This paper deals with an approximation for exchange and correlation, in the form of an 
effective potential, to be used in band structure calculations. The present approximation differs from 
the earlier expressions by being dependent on the kinetic energy of the electron. The derivation 
follows the formalism of Green functions in the many-body systems, in the random phase approxima- 
tion. We also present a relaxation time operator, which can be calculated simultaneously with the 
energy bands, and which may have some implications in the band theory itself. 


1. INTRODUCTION 

In band structure calculations it is very 
convenient to have a local approximation for 
exchange and correlation. By local we mean 
an approximation in the form of an effective 
potential which depends only on the co- 
ordinates of the electron, instead of an integral 
operator such as the classic exchange term of 
the Hartree-Fock equation. A very simple 
and attractive solution to this problem has 
been given by Slater in 195 If I]. In Slater’s 
solution, one uses locally an average exchange 
of a free electron gas with the same density 
as the local density of the actual problem. One 
drawback in Slater’s method is that the Cou- 
lomb screening of the electron is not taken 
into account. As it has been emphasized else- 
where, the screening should be a specially 
important effect in the region of low electron 
density [2, 3]. To remedy this situation, Robin- 
son, Bassani, Knox and SchrielTer have pro- 
posed a correction to Slater’s formula which 

*Work partially supported by the Conselho Naclonal 
de Pesquisas, the Funda^ao de Amparo a Pesquisa do 
Bstado de Sao Paulo, Brazil, and by the Material Theory 
Group, Massachusetts Institute of Technology, U.S.A. 

1 Present address: Departamento de Fisica. Faculdade 
de Filosofia, Ciencias e Letras, Caixa Postal 8105, 
Sao Paulo (SP), Brazil. 


takes screening into account in the Fermi- 
Thomas approach [41. Besides these two 
methods, there occurs in the literature, some 
other proposals which are either a correction 
to Slater’s scheme 15-7], or which are appli- 
cable just to special situationsfS, 9]. For 
instance, the paper by Kohn and Sham [5] 
may be considered in the first category, since 
they give a better method to average the 
exchange and correlation of a free electron 
gas over the occupied states. Again based on 
Slater’s ideas, one has Liberman’s paper [6] 
and the present work. Their novelty lies in the 
introduction of a kinetic-energy dependent 
exchange. As a matter of fact the present work 
differs from Liberman’s mainly in that we 
include the effect of Coulomb screening 
(correlations). In the same category, we have 
the work by Lindgren[7] which takes into 
account the breakdown of Koopman’s 
theorem in the case of atoms, by a small 
correction on Slater’s exchange. In the second 
category we have some attractive schemes to 
meet special situations, such as the method 
used by Golin[8]. Finally, the work by 
Kleinman[9] might also be put in this second 
category, since it deals exclusively with those 
situations where the pseudo-potential is weak, 
namely the case of conduction electrons in 
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metals. The present article differs from the 
approaches above in that we consider a local 
exchange and correlation dependent not only 
on the local charge density, but also on the 
local kinetic energy of the electron (unlike 
Kleinman which considers the dependence on 
the average kinetic energy of the electron, and 
unlike Liberman which neglects correlation 
altogether). 

A kinetic energy dependent exchange and 
correlation must be introduced to account for 
the physical fact that the positive cloud around 
an electron is velocity dependent. Indeed, the 
ability of the medium to react to the presence 
of an electron depends upon the speed of the 
latter. Fast electrons cannot be screened while 
slow electrons are easily surrounded by a 
cloud of holes. 1 he dependence of the ex- 
change and correlation upon the kinetic 
energy of the electron shows up very clearly, 
for instance, in the classical Hartree-Fock 
exchange term in the problem of a free elec- 
tron gas [10]. Our approximation for the ex- 
change will be, as Slater’s, local and dependent 
on the electronic density, but unlike the latter 
we shall deal with a kinetic energy dependent 
exchange and we shall include the effects of 
screening as well. This energy dependence is 
not problematic if one uses a method, such as 
the APW, in which the energy eigenvalue is 
determined by trial error, and interpolation. 
For the methods of band determination in 
which the eigenvalue is not a nece.ssary para- 
meter in the calculation of the matrix elements 
of the secular equation, one could use the 
formula below, without much imprecision, 
assuming an average eigenvalue for the band 
to be determined. The local approximation 
for exchange and correlation is explained in 
part 2, while in part 3 we discuss the possibili- 
ties and implications of a relaxation time 
operator to band theory. 

2. A UK At. APPROXIMATION FOR THE MASS 
OPERATOR 

In order to include the Coulomb screening 
into the wave equation, one should proceed 


from the techniques of electrodynamics. A 
good general reference to these techniques as 
applies to solid slate problems is the book by 
Bonch-Bruevich and Tyablikov[ll]. Instead 
of the Hartree-Fock exchange term we now 
deal with the mass operator, which, within the 
framework of band theory (assumption of 
negligible damping of the quasi-electron states) 
and random phase approximation, becomes 

M{x,y)=~iGix,y)D{y,x) (I) 

where D is the screened Coulomb interaction 

/) -/)‘‘"-M^v,>0-H/2(7(T,y)G(y,T). (2) 

is the unscreened interaction 

=— (3) 

|x-y| 

X and v specify the space and time location of a 
point, and G is the Green function for the 
electron under the hypothesis of negligible 
damping of the quasi-electron states; 

G{x,y) j 

xexp(-/£^(Xo-yi))] 

X [0(x^,-y^^]8{h:^~ {x) E,)]. 

(4) 

Here {j}i\,p) is the complete set of .self- 
consistent eigenstates of a wave equation 
where only the Hermitean part of equation ( 1 ) 
intervenes. In equation (4), one must sum over 
these states and the function f) is just the step 
function. By a local approximation to ex- 
change and correlation we understand the 
substitution of the real part of equation (I) by 

Re[M(j,y)] c(x)6{x Vo) (5) 

which makes the wave equation dependent 
only on the spatial coordinates of one point. 
^^(x) can thus be treated in the same way as 
an added potential. To attain such a localiza- 
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tion of the mass operator, we recur to the 
basic idea behind the WKB method in quan- 
tum mechanics, and which possibly oriented 
Slater in the formulation of his approximation. 
That is, we substitute each small crystalline 
region where the electron moves by a free 
electron gas with the same electronic density 
as that of the small region being considered. 
Further, the mass operator is substituted by 
the eigenvalue of that operator in the problem 
of the free electron gas for a plane wave state 
with the same kinetic energy as that of the 
Bloch stale at the small crystalline region. 
Both, the kinetic energy of the electron and 
the charge density are function of position, hut 
complete localization of the mass operator is 
attained hy these means. The real part e{K) 
of the eigenvalue of the mass operator in the 
free electron gas for a plane wave with kinetic 
energy K'^ is 


eiK) 




k + K|)Re 


X 


I 

.e(k,Ek^.K 



^Im 


1 


Le(k,;„)J 




( 6 ) 


where in the second term P means the 
principal value. If one uses in equation (6) 
e = 1 one readily obtains the conventional 
Hartree-Fock exchange of the electron gas. 
In our approximation, one must use the RPA 
dielectric constant quoted in reference [1 2]. 
The exact value of e(K) has been obtained 
elsewhere, in the neighbourhood of the Fermi 
surface K - kf[\3]. Outside this region, it 
is almost impossible to perform the integra- 
tions. Fortunately, one is helped by the fact 
that the second term in equation (6) is small 
for the densities one finds in band problems, 
and in the first, due to the special relation 
between the wave vector and the frequency 
occurring in the dielectric constant e, one has 


Re 


1 




k^ + k,^ 


( 7 ) 


where is the effective screening wave 
number and is approximately equal to the 
Fermi-Thomas wave number defined below. 
It is to be expected that only for very low 
densities should cease to follow kft to 
become proportional to kf. In this way one 
obtains the expression for e(K) when 


e{K) = 


E = K^>Q 

2lkf-^k/~K\AK-^kry^k/ , . 
4K + 


II 

■^k,. 


tg 




■I. 


tg- 


,K + k 


(8.a) 


which can be continued for negative values 
ofthe kinetic energy £■; 

d/C) = 


2\k;^ + k/ + K'^ + 2Kk,_, Ik^K 

nl^ 2i£ ' cHV-r 


-^kf-lkAg-^^ 


kf 

k,-K 


(8.b) 


where E = kinetic energy (8.c) 

n = electronic density (8.d) 

kf= (8.e) 

^Vr= (4Av/ll)^^^ (8.f) 

K=\E\^>'^ (8.g) 

k, = kjr (8.h) 


(the atomic unit system is used throughout 
these expressions). Figure I illustrates the 
energy dependence of e(K), and compares 
the present approximation with those of 
Slater and Robinson et al. In order to be 
rigorous one should use in equation (6) the 
self-consistent RPA dielectric constant, that 
is, the dielectric constant where instead of 
just k^ one uses k-^e{k) as the energy of a 
plane wave k. From the expression for the 
RPA dielectric constant [12], one sees that 
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Fig. I, Behaviour of exchange-correlation as a function of 
the kinetic energy, for the case of k, ^ kf(, Dashed lines 
represent Slater’s and Robinson rt al approximations. 


value just 30 per cent smaller. For high 
precision work, however, it would be better 
to use the kinetic energy dependence of 
equation (8). One must remember that the 
kinetic energy is the difference between the 
eigenvalue and the potential energy and is 
a function of position. 

3, A RELAXATION TIME OPERATOR 
The mass operator of equation (1) is non- 
Hermitean. One may deal with its imaginary 
part in the same way we dealt with its real 
part, by localizing it in space and time. Again, 
this localization can be accomplished by the 
same means. Again, the algebra is much 
simplified if one uses: 


the main effect of this correction is to modify 
the Fermi-Thomas wave number to 

a;- “A;, (9) 

where A/-, is given by equation {8.f), Aj, is 
the modified screening wave number, and 
Vf is the sclf-consistent velocity at the Fermi 
surface, that is Vf is 2kj plus the derivative 
of equation (8.a). Proceeding in this way one 
soon finds out that the solution to equation 
(9) is, for all practical purposes, given by 
equation (S.f), the self-consistent correction 
being negligible. 

Figure I shows that while Slater's exchange 
is too strong because it is not screened, that 
of Robinson et al. is quite accurate, as long as 
the classically inaccessible regions of negative 
kinetic energy do not play a much important 
role in determining the energy eigenvalue of 
the electron. In fact, Robinson a ai exchange 
is equal to an average of our expression within 
the kinetic energy region of 0 ^ Elk/ ^ I. 
Since the exchange e{k) does not vary much 
within this region, Robinson et ai exchange 
may lead to sound results in many cases. For 
instance, by using a different averaging tech- 
nique, Kohn and Sham found an exchange 


;‘€(k,£k,K-/C“) 




(10) 


where k,f is similar to kf,. We start from the 
imaginary part in the form 








) 


xO(Ei,^i(^-k/)]m 




1 


IF 










I 




(II) 


The final formula one obtains has different 
analytic expressions for different regions in 
the positive kinetic energy axis. We list below 
some values which may be used to obtain an 
interpolated formula valid for the positive 
energies: (a) near ^ = 0, the imaginary part 
is quadratic in /C, and at /C - 0 it assumes 
the value 
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/( 0 ) = 


Ml 

2kf 


-ln(l + VM/) + 


w - 

1 + kf^lka . 


xln 


(K + k„y + k,^ 

{K-k„y+k/ 


+ 


(b)For/C < kf 


«0. (12.a) 


L 2k/^^ k, 4ky + k/\ 

x{K-k,f^Q. (12.b) 

(c) For K > kf take the negative of equation 
(12.b). (d) For K-3k,, a good interpolated 
value is 


with 


ky{ky + AK^)-(k;^ + K^y 

4ky 


ky-K^-k? 

(ky + kf^-K^f + 4kf^r- 

k,t = k„ 


(12.e) 

(I2.f) 


and the definitions (8.c-8.g), In Fig. 2 we 
plot the behaviour of ,f[K} as a function of the 
kinetic energy for a medium density case. 
Equation (12) defines an operator which can 


mi)^ 


^ 0-261l(/M„' 

2k, kf-'/k/ + f)-15k/lk/ + 0-1 66k, I k„ + 0-154 


■ 1 

(I2.c)| 


This interpolated expression is exact for k,! 
k,; = 0, 1 , oc. (e) For K 


.m= 


Ml 


IkrK 


4A/ + k/ 2k, 
8^„ ^ k„ 


^ 0 . 


(12.d) 


For E < 0, again we continue the function. 
However, if in equation ( 1 1 ) we integrate from 
A = 0, f{K) turns out to be non-analytic at 
K-0, This non-analycity is associated with 
the long range part of the Coulomb interaction 
and can be eliminated if in equation (1 1) we 
integrate from k = k^. After the continuation 
to negative kinetic energies we can make 
ki)-0. The resulting expression is: (f) For 
0 




X l-5-0*51n 


{knk/-K^Y^4k;^K^ 


^ ^ {kr^^k/-K^y^4kf^K'^ 


be used to calculate the electron-electron 
relaxation time of a Bloch state. In most situ- 
ations, this relaxation will be largely domin- 
ated by the electron-phonon and electron- 
impurity interactions. The importance of 
equation (12) lies in that it yields a check 
on the band structure calculation through 
the following means; It is well known that the 
relaxation time changes sign at the Fermi 
energy. Therefore, the relaxation time oper- 



hig. 2. Behaviour of the relaxation tunc operator as a 
function of the kinetic energy, for the case o(kf= k^. 
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ator may also be used to determine the Fermi 
energy which can be compared with that ob- 
tained from the band calculation. 
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Abstract - The thermoelectric power and electrical conductivity were measured for NbO and NbO^ as 
functions of temperature at the limiting oxygen activities for the thermodynamic stability of each of 
the compounds. The electrical properties of Nb02 were essentially independent of oxygen pressure 
in the temperature range 50-1000'’C, and the properties of NbO showed only a small dependence on 
oxygen activity The thermoelectric power and electrical conductivity of NbO indicate that metallic 
bonding exists in this compound. This bonding is discussed on the basis of Kreb’s model for the 
influence of homopolar bonds on the structure of inorganic compounds. The thermoelectric power 
and electrical conductivity of NbOj indicate that this compound is an «-lype intrinsic semiconductor. 
The nature of the predominant ionic defect in Nb02 and its dependence on oxygen activity are 
discussed. 


1. INTRODUCTION 

The electrical properties of NbO and 
Nb 02 have not been sufficiently established 
because the low oxygen pressures required 
for the stability of these compounds are 
difficult to achieve and maintain experi- 
mentally. The low-temperature conductivity 
measurements of Meissner et al.[\] indicated 
metallic behavior for NbO. Without present- 
ing any data, Kolchin and Sumarokova[2] 
reported that NbO is characterized by metallic 
conduction, and that Nb 02 appears to be a 
semiconductor. Kusenko and Geld [3] 
measured the heat content, coefficient of 
thermal expansion, and electrical conductivity 
of NbOg as a function of temperature. A 
discontinuous change in Cp and a heat of 
transformation of about 70()cal/mol. were 
lound at about 1040°K; these changes would 


*This paper is based on a portion of a thesis by J. A. 
ROBF.RS()N submitted in partial fulfillment of the 
requirements for the degree of Master of Science m 
Metallurgical Engineering, The Ohio State University, 
in 1966. 
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indicate a phase transition of the second 
kind which is not surprising in view of the 
low-temperature antiferromagnelism of NbO^. 
In a recent paper, Janninck and Whitmore [4] 
reported on the electrical conductivity and 
thermoelectric power of NbOa in the tempera- 
ture range 196°-1273°K. The purified argon 
atmosphere which was used did not allow 
maintenance of a stable composition (stoi- 
chiometry); however, the electrical properties 
of the / 2 -type semiconductor Nb 02 were found 
to be independent of composition. 

In the present investigation, the electrical 
conductivities and the thermoelectric powers 
of NbO and Nb02 were measured over a 
range of temperature and oxygen pressure. 

2. EXPERIMENTAL PROCEDURES 

In the preparation of the oxides, Nb 
powdert was preliminarily oxidized in air to 
Nb20,v Nb 205 was mixed with Nb and sin- 


tSpectrographic analysis indicated metallic impurities 
of 200 ppm Fe. 10(1 ppm Si, 30 ppm each of Ca, Mg, Cr, 
Ni and Hf, and trace amounts of Al, Mo. 7r. Na. 
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tered in vacuum to produce NbO. NbO was 
mixed with NbzO;; and sintered in vacuum 
to produce NbO^. An alternative technique 
involved equilibration of a phase with a 
two-phase mixture in adjacent combustion 
boats at a high temperature. Thus, a large 
amount of NbO/NbOj could be used to 
convert a small amount of Nb to NbO or to 
convert Nb 205 to Nb02. Ail of these pre- 
liminary sintering and equilibration treat- 
ments were done at about lOOifC, Phases 
were identified with an X-ray diffractometer. 
Dense, hard, NbO pellets of 8 mm dia. and 
2 mm thickness were subsequently prepared 
by sintering at 1730°C in vacuum for 100 hr. 
Nb 02 pellets of similar size were prepared 
by sintering at ISOO'^C in vacuum for 24 hr. 

The thermoelectric powers and electrical 
conductivities of NbO and Nb02 were deter- 
mined as a function of temperature at oxygen 
pressures which corresponded to the limits 
of stability (and stoichiometry) for each phase. 
These oxygen activities were established and 
maintained by the equilibration of the speci- 
men with a coexisting condensed phase (for 
example, at (Nb/NbO)= 

atm, P(>,^ (NhO/NbO^)^ 10 atm and P ,)2 
(NbO^/Nb-A)- 

I he specimen was held between 2 Pt foils 
which served as the electrical contacts 
(two-probe measurements). Two Pl/Pt + 13 
per cent Rh thermocouples, which had been 
calibrated against a Bureau of Standards 
couple, were welded to the Pi foils. I'he Pt 
wires of the thermocouples also served as 
electrical leads. A large pill of the phase 
desired for coexistence equilibrium was 
placed behind one of the Pt foils. Thus, the 
electrical properties of NbO were measured 
in equilibrium with Nb and then in equili- 
brium with Nb 02 ; likewise the properties of 
NbO^ were measured in equilibrium with 
NbO and then in equilibrium with oxygen- 
deficient NbjOj. The absence of any detec- 
table reaction by either phase served as 
evidence that equilibrium coexistence was 
maintained. For the thermoelectric power 


measurements, a temperature difference 
of about 1 0-20°C was maintained across the 
specimen; a uniform temperature zone was 
established for electrical conductivity 
measurements. The quartz combustion tube 
was evacuated and outgassed, and then 
sealed while measurements were made. The 
electrical conductivities were calculated 
from potentiometric measurement of the 
voltage across a specimen for the passage of 
a small (0*02 to 0-5 mA) d.c. current. The 
ohmic behavior of the specimens for these 
d.c. measurements was established. 

3. RESULTS AND DISCUSSION 
NhO: The variation of the thermoelectric 
power of NbO with temperature is shown 
in Fig. I. The cooler end of the specimen 
was negative, which indicates that the 
majority carrier is excess electrons. All 
values of the thermoelectric power have been 
corrected for the thermal emf of the Pt lead 
wires: this emf was always in opposition to 
that generated by the specimen. The correc- 
tion factors (-'0-05 to -0'3mV) depended 
upon the temperature gradient and average 
temperature of the specimen and were large 
relative to Ihe measured voltages (0*03 to 
O'l mV) for NbO. The data in Fig. 1 represent 
values of dEldT at various temperatures, so 
that the slopes of the lines are d^£/dP. The 



Fig, I. Ihe effects of temperature and oxygen activity 
on the thermoelectric power of NbO. 
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lines shown were calculated according to a 
least-squares fit of the data. I’he Peltier heat 
(tt = f r(d£/d7’)) and the Thomson heat 
(/X = — F7(d^E/dP)) can be computed from 
these results. The thermoelectric power of 
NbO had a small positive dependence upon 
temperature; the low value of the thermo- 
electric power for NbO indicates that the 
concentration of the predominant charge 
carrier (excess electrons) is very high. These 
observations indicate behavior characteristic 
of a metal rather than a semiconductor. 

The electrical resistivity of NbO, shown in 
Fig. 2, is low and has a small positive tem- 
perature coefficient which also indicates be- 
havior characteristic of a metal [ I]. Both Figs. 


NbO lattice, the six non-hydrid 2/> electrons 
of the oxygen anion establish covalent, reson- 
ance bonds with octahedral symmetry to four 
nearest-neighbor Nb ions. (This bonding may 
be contrasted to that in which the oxygen 
ions possess four pairs of hydrid sp^ electrons, 
so that homopolar bonds of tetrahedral sym- 
metry are required). Brauer[7] has shown 
that a fourfold coordination in NbO is 
fulfilled on the NaCI-type lattice which 
usually requires a sixfold coordination 
because one quarter of both the niobium 
and oxygen sites of the NbO lattice are 
vacant. Two of the five outer electrons of 
the niobium atom may form resonance bonds 
with the 2p electrons of the four neigh- 



Fig. 2. \ he cITccn of lempeniture and oxygen acUvity on ihe cieclricai 
conductivity of NbO. 


1 and 2 show small though significant differ- 
ences between the properties at the two 
phase boundaries. Fven though NbO is metal- 
lic, the electron concentration should vary 
with the oxygen content which in turn varies 
with the oxygen activity. 

In contrast to Pauling's rules[5J by which 
an ionic^ crystal lattice is described in terms 
of cations surrounded by polyhcdra of anions, 
Krebs [6] has pointed out the predominant role 
of the electronic configuration of the anion in 
determining the structure of inorganic com- 
pounds which possess significant covalent 
bonding contributions. In the NaCI-type 


boring oxygen atoms. The three remaining 
electrons per niobium ion may adopt signi- 
ficant overlap with the electronic wave 
functions of neighboring cations, but this 
can only be determined by experiment. From 
the observed electrical properties of NbO, 
metallic behavior is evident. Therefore, 
the conclusion that the Nb ions possess non- 
bonding electrons with considerable overlap 
is justified. 

NbOp. The dependence of the thermoelec- 
tric power of Nb 02 on temperature is shown 
in Fig. 3. This plot shows the results of four 
specimens which were tested in equilibrium 
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Fig 1 The eft'ecls of tcmperaunc and oxygen activity on 
the thermoelectric power of Nb(F.. 

wilh NbO and one in equilibrium with oxygen- 
dcficienl NbX>,. T he polarity of the specimen 
indicated predommant /^type scniicondiiction. 
Within the experimental scatter, the thermo- 
electric power of NbO;, was found to be inde- 
pendent of the oxygen activity. The values are 
tn agreement with the measurements of 
Janninck and Whitmore’ who also reported 
that the thermoelectric power was inde- 
pendent of specimen stoichiometry, 
in Pig. 4, the temperature dependence of 
the electrical conductivity of NbO, is pre- 
sented. I he difference in magnitude between 
these values and those of Janninck and 
Whitmore is probably due to differences in 
specimen preparation procedure; however, 
the temperature dependencies from the two 
studies are essentially identical. Agreement 
with Kusenko and GcldjJl is not satisfactory. 
I'hc observed independence of the conduce 
tivity of oxygen activity indicates that NbO, „ 
an intrinsic semiconductor. The ohmic 
behavior (lack of specimen polarization) with 
the application of d.c. potentials rules out 
the possibility that the Po,-indepcndent con- 
duction was predominantly ionic conduction. 



Fig 4 The ctfecl.s of lempcmiiire and oxygen activity on 
the electrical conductivity of NbO^,. 


I'he n-type behavior found in the thermo- 
electric power study for this intrinsic elec- 
tronic conductor indicates that the mobility 
of conduction electrons exceeds that of the 
positive holes in NbO.^. The slope of the line 
through (he conductivity data in Fig. 4 
yields an activation energy of 0-43 eV. 

In a rough approximation which is often 
applied, the energy gap between the valence 
and conduction bands in an intrinsic semi- 
conductor is equal to twice the activation 
energy for conduction. If this value, 0-86 eV, 
is accepted as the energy for electron and 
hole pair formation without any contribution 
representing an energy for motion of charge 
carriers, then one may solve the equation for 
the density of electrons and holes [8]: 



if one makes the further assumption that 
~ ~ Wo, the rest mass for free elec- 

trons. The solution at 10(X)‘^K is that Ui — TO 
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X 10"* cml This value can now be used in the 
equation for conductivity: 

(T= nie{fi( + fih) ( 2 ) 


Oalgl+Nbc'+je' 20„+Nb,,, (4) 

With the usual assumption of a dilute solution 
of defects, the equilibrium constant for 
equation (4) is 


togive{/i,. + M„) = 62 (cmVVsec). 

Alcock. Zador and Steele(9, 10] have 
reported the oxygen deficiency* in NbOj.j. 
over the relatively high oxygen activity por- 
tion of its range of existence. At temperatures 
between 9.'i0 and 1050°C these authors 
reported the composition NbO,.i)»8 at oxygen 
activities still much higher than NbOj-NbO 
equilibrium. In particular, the oxygen activity 
dependence of the oxygen deficiency in 
Nb(\,. j. was reported as 


1 

where lNb,"'J represents the inlerstiiial ion 
concentration expressed in cation fraction. 
If oxygen vacancies were the predominant 
ionic defect, then the equilibrium would be 
expressed. 

0.(g)-b2V,r+2ye' ^ 20o (6) 

with the equilibrium constant 


d logx 
d log 


(3) 




1 




(7) 


Alcock ct al. suggested that this large 
dependence may result from intrinsic elec- 
tronic disorder; the P,,, dependence of the 
electrical conductivity of this study does 
establish intrinsic electronic disorder in 
Nb02. As will be shown in the following dis- 
cussion, equation (3) is consistent with the 
predominance of interstitial Nb ions in NhO^: 
however, the magnitude of the deviations from 
stoichiometry reported by Alcock et al. are 
far too large for a self-consistent defect 
model for NbOo. 

In principle, a predominance of either inter- 
stitial Nb ions of charge ;; plus, Nbr\ or 
oxygen vacancies of charge y plus, V,,''; may 
account for the oxygen deficiency in NbfX 
Knowing that intrinsic electronic defects 
predominate, the nature of the predominant 
ionic defect should establish the Po.^-depen- 
dcnce of the non-stoichiometry (x in NbOo-j). 
I he equilibrium for Nby'*may be expressed 

* I he term ‘oxygen deficiency' does not imply that the 
predominant ionic defects are oxygen vacancies. 

1 1 he atomic defect notation of tCroger and Vinkll 1,12] 
has been used 


where fV(,'^'| is the concentration of oxygen 
vacancies expressed as anion fraction. 

For an intrinsic semiconductor, the sim- 
plified charge neutrality expression [1 1, 12] is 
n = f) independent of Pi^^. If niobium inter- 
stitials are predominant in NbOo_j. with 
[Nb,'’J equal to .v/2, equation (5) with n 
independent of Po, yields 

dlogLNb,-'*] _ dIog.Y _ 
d log d log P,„ 

On the other hand, if oxygen vacancies are 
presumed to be predominant, with n inde- 
pendent of Pn, and ] equal to a/2, equation 
(7) yields 

dloglVir] _ dlog.v _ 1 g 
dlogP,„ dlogP„, 2' 

Because the predictions of equations (8) and 
(9) do not depend upon the valences. : plus, 
of the niobium interstitial, or y plus, of the 
oxygen vacancy, these valences could not be 
decided from an experimentally established 
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value of d logjr/d log P,,,. With the deter- 
mination of the predominant ionic defects, 
a standard Kroger and Vink[1 1,12] graphical 
representation of the defect equilibria in 
Nb02 at 1000°C could be constructed; the 
entire existence range of Nb(X would lie 
within a central zone In which /i = /? would 
represent the simplified neutrality condition. 

I'he predominance of interstitial niobium 
in NbfX is required to explain the pre- 
dominant cation diffusion in Nb(X found in 
previous marker movement observations by 
the present aulhors|131. Hurien|l41 has sug- 
gested that the rutile lattice should favor 
the formation of interstitial cations, While 
the equation {3| from experiment seems to 
supfK^rt the prediction of equation (S) and 
thereby establish the predominance of inter- 
stitial cations, the absolute magnitudes of the 
reported nonstoichiomctry in NbO^ arc 
unrealistically large. Hxlrapolalion of the 
lOOirC' data of Alcock c/ a/|9, I0| according 
to equation (.3) to the low oxygen activity 
corresponding to Nb()-Nh(X equilibrium 
coexistence yields a value of \ equal to 0-%. 
rhe composition NbOj oi would correspond 
to almost one mleistilial niobium ion per 
cation lattice site. I his calcuialed inter- 
stitial concentration is 40 times greater than 
that for the composition proposed by Brauer 
|7). 

Janninck and Whitmore[4| reported from 
isopiestic equilibrations that the composition 
of Nh(X for Nb()-Nb(X coexistence at 
llOtfC' is NbO, „4)7 .v 4 he composition of 
NbOo for Nb(X-Nb(XO;, coexistence 
at I100“(' was reported as NbCX.onio- While 
the permeability of vitreous silica to mole- 
cular oxygen (15, !6| may cause some diffi- 
culty in the isopiestic technique at 
the difference in compositions reported by 
Janninckl4J and Alcock[9. lOJ are so large 
that the validity of equation (3) cannot be 
accepted from the available measurements. 
Further investigation of the Poj-dependence 


of the composition of NbOi-^ in the low 
oxygen activity range should identify the pre- 
dominant ionic defect in oxygen-deficient 
NbOz. 

Presuming tentatively that interstitial 
cations are predominant in Nb 02 -j., the more 
conservative estimate of the maximum inter- 
stitial cation concentration of Janninck and 
Whitmore[4J is 7*3 X 10^-’ per cm'‘ at I I00°C. 
However, intrinsic electronic behavior re- 
quires /i — /; > (Nbp ]. The conductivity 
behavior for Nb(X is anomalous at tempera- 
tures above llHKfK (see Fig. 4). Therefore, 
equation (1) cannot be used to calculate //, 
at I l()0°C for comparison with the values for 
[NlV-j of Janninck and Whitmore. Only if 
the niobium interstitials Nb,'- were unionized 
(:=- zero) could the interstitial concentration 
exceed the electronic concentration for an 
intrinsic semiconductor, but this defect docs 
not seem realistic. 
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THE OPTICAL PROPERTIES OF ORTHORHOMBIC 
SULPHUR CRYSTALS IN THE VACUUM 
ULTRAVIOLET 
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Abstract -I'he normal incidence refleclivily of natural (111) faces of orthorhombic sulphur has been 
measured foi photon energies between 2-5 and 14 eV, The results were found to be largely indepen- 
dent of the surface treatment. A reflcctometer designed for the present work is briefly described. The 
optical consianls of orthorhombic sulphur over the above energy range have been derived by a 
Kramers-Kronig analysis of the experimental data The extrapolation procedure is discussed and the 
internal consistency of the results is tested by the application of sum rules The computed absorption 
coefficient is in satisfactory agreement with the measured data near the absorption edge. The spectral 
features of the e^iw) curve have been interpreted with some success in terms of the tentative band 
model suggested by Gibbons. The general agreement supports the model and also the previously 
published interpretation of the electronic transport mechanism in this material 


J. INTRODUCTION 

The work described in this paper is con- 
cerned with reflectivity measurements on 
orthorhombic sulphur crystals, their analysis 
and interpretation. Our particular interest 
in this typical molecular crystal arose from 
electrical transport measurements [1,2] which 
indicated that orthorhombic sulphur provides 
a good example of the two basic small polaron 
transport mechanisms predicted by Holstein 
|3|. An excess electron propagates by an 
inlermolecular hopping process: a generated 
hole, on the other hand, is far less localized 
on the S„ molecule than the electron and 
moves through the lattice in a comparatively 
nairow polaron band. The molecular orbital 
analysis of the molecule carried out by 
Gibbons |4] and his suggested band model 
lor the crystalline solid lent considerable 
support to the above interpretation and also 
clarifled the physical reasons for the observed 
transport behaviour. 

The dim of the present investigation has 
been to provide independent new information 

^PresetH address: Department of Physics, The Lfni- 
vcrsiiy, Dundee, Scotland. 


on the electronic structure of orthorhombic 
sulphur by which the suggested model can 
be tested and put on a more quantitative basis. 
In addition the experimental results extend 
our knowledge of the optical constants of 
the material to photon energies of about 1 4 e V 
(880 A), well beyond the range of previous 
mcasurements[5J. 

2. EXPERIMENTAL ARRANGEMENT 

The vacuum monochromator used m this work contains 
a 1 m normal incidence concave grating as the dispersive 
element, and the radiation is provided by a high voltage 
d c. discharge in hydrogen. The monochromator is oper- 
ated without windows; the required vacuum conditions 
are obtained by a combination of pumping at the source, 
grating, and specimen chambet . and by the provision of 
high pumping impedance junctions between these com- 
ponents, Under typical operating conditions, the source is 
run at a pressure of-- 1 Torr . whereas the monochromator 
and the specimen chamber are at pressures of 10 * and 
310 ^ Torr., respectively. The exit slit of the instrument is 
preceded by a system of fillers that may be inserted into 
the exit beam, and also by a liquid nitrogen trap that 
prevents the streaming of diffusion pump oil into the 
specimen chamber 

Detection is achieved by the normal photomultiplier- 
sodium salicylate combination. The results of an absolute 
calibration show that the intensity of ihe exit beam of the 
monochromator, at slit widths of I mm (resolving pt^wer 
- 30 A) exceeds lO'^’ photons sec"' for wavelengths down 
to 1(W)0 A. Below this figure the emission falls off sharply 
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and reflectjviiy measuremenls could not be made below 
850 A. 

The principle of the reflectomcier designed for the 
present work is illustrated in htg. I, The beam reflected 
from the specimen A travels the path SABC. When the 
lotating arm OB, carrying the mirror, is turned into pos- 
ition OB', the shorter springloaded arm OA engages 
and moves the specimen out of the path of the light. In 
this position the salicylate screen C leceives the reference 



I ig 1 kcflcclomcitT used in the experiments The 
specimen is mounted al A and a small minor at B 
kotaiton about luins the arms into positions fM' and 
OB' lor the measuicincnl ot the incident beam 

beam I he particular feature of the arrangement is 

that, except foi the near normal incidence reflection at the 
specimen, both beams travel identical optical paths, and 
aie reflected from the same mirror at the same angle 
Accordingly, both beams are detected wuth equal elfic- 
lency. and absolute values of the reflectivity are measured. 
Also, the arrangement enables very small angles of in- 
cidence ( 2”) to be employed without a corresponding 
inciease in path length Evaporated aluminium minors, 
with a thin overcoating of MgFj6|, were used in most of 
the expciiments. 

Large orthorhombic sulphur specimens were grown by 
controlled evaporation ot carbon disulphide from a sat- 
urated sulphui solution The lesultmg crystals weie of 
the well Known bi-pyramid habit with natural ( 1 1 1) faces 
that were ideal foi reflectivity work. 


3. EXPERIMENTAL PROCEDURE AND RESULTS 

The resolving power used in the majority 
of measured spectra was low 30 A) because 
of the limited intensity available in some parts 
of the spectral range. The corresponding 
energy resolution varied from 0*01 eV at 
5000 A to 0-40 e V at 850 A, although this was 
improved upon for some measurements in 
spectral regions of particular interest. In most 
experiments data were taken in a ‘point by 
point’ manner and included up to 300 readings 
in any one run. Although obviously tedious, 
such a procedure allowed reliable corrections 
for stray light to be made when necessary. 
In spite of the limitation placed upon the 
resolution of fine structure, the use of compar- 
atively low resolving power had certain ad- 
vantages in this work. Averaged values of the 
reflectivity, suitable for the evalutaion of the 
phase angle, were determined for successive, 
adjoining frequency intervals which extended 
over the whole of the spectral range. 

Although al the slit widths used, measure- 
ments could be performed easily for most 
wavelengths above 1000 A, the low light 
intensities encountered below this figure, and 
in certain narrow regions below 1 500 A, made 
the use of filters necessary in order to correct 
for the effect of polychromatic stray light. The 
intensities of both the reflected and reference 
beams were measured with and without thin 
fused silica filters inserted before the exit slit. 
Stray light of wavelength shorter than the 
cut-off of Spectrosil 1600 A) could not 
therefore be discriminated against. However, 
experiments with different grades of fused 
silica filters indicated that most of the stray 
light came from a wavelength range above 
2 100 A and was probably due to scattered 
zero order radiation. Data below 1000 A 
should, however, be regarded with some 
caution. 

As a check on the performance of the mono- 
chromator and reflectivity apparatus , measure- 
ments were taken on cleaved and etched 
germanium samples. The results agreed with 
published data [7, 8] for photon energies of up 
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to 14 eV, with the exception of a local broad 
deviation at approximately 8eV. The size of 
the discrepancy depended strongly upon 
specimen preparation and was reduced for 
crystals subjected to repeated etching. 

It is well established that surface conditions 
may significantly affect the results of reflec- 
tivity measurements. It was therefore con- 
sidered essential to undertake a thorough 
experimental investigation into the depen- 
dence of the Sh data upon surface treatment. 
Results were obtained for crystals washed in 
distilled water or in volatile solvents, such as 
Benzene, Acetone and Toluene. One freshly 
grown specimen was studied, whilst other 
specimens had been exposed to the laboratory 
atmosphere for periods from a few days to a 
year, The surprising feature of all these re- 
sults was the complete lack of dependence of 
the reflectivity spectra upon the above sur- 
face treatment over the whole experimental 
range. However, the monochromator en- 
vironment itself was found to be a source of 
gradual contamination, and it was essential 
(0 prevent the build up of diffusion pump oil 
films on the specimen surfaces by the use of 
the liquid nitrogen trap mentioned earlier. 

A total of nine specimens was studied, and 
the lefiectivity curve shown in Fig. 2 is typical 



of the results obtained for the reflection of 
unpolarised light from a (111) plane at an 
angle of incidence of about 2°. The variation 
in the reflectivity spectra from different spec- 
imens is confined to comparatively small 
changes in the absolute and relative magni- 
tudes of spectral features such as the position 
of peaks, minima, and shoulders. The only 
significant differences occurred in the region 
beyond the 9-5 eV peak. The position of the 
subsequent minimum varied from 10- 1 to 
IO*5eV, and although always present, it 
sometimes occurred at higher reflectivity 
values. 


4. ANALYSZS OF RESULTS 

The Kramers-Kronig relation used in the analysis of 
the results gives the phase change on reflection. 
for radiation of angular frequency Wu' 



\nR{(o) 


du). 


<n 


The principal diihculiy m applying equation U) lies 
m the fact that the integral is taken from 0 to x, whereas 
the range of the experimentally determined reflectivity 
function Rioj) is limited. 'I'hc common argument, first 
introduced hy Jahoda[9], that only the reflectivity data in 
the immediate vicinity of the singularity at w con- 
tribute substantially to the phase angle is in fact mis- 
taken. I’be reason is that the integrand changes sign 
across the singularity, and if R is varying slowly, is 
evaluated from the difference of two very nearly equal 
contributions. Under these conditions the ‘tails' of the 
integral cannot be ignored and it is essential that data 
must be obtained over as wide an energy range as 
possible, even if this means going beyond the region 
of particular interest. 

In most treatments, the integral in equation (1) is split 
into 3 components. We define an interval Ui. over which 
the experimental data extend, and write 


Mu>o) 


^(W(i) 


oia f In 


^ r In 

IT j (ti‘ 


du> 


(i>fl r In R(<i>) 
“ir J [i>- 


d((j 


(2) 


(3) 


l^ig 2 The spectral dependence of the measured re- 0 ,^^ rinR(ai) 

ficcliviiy from a (11!) plane of orthorhombic sulphur. Liwo) ~ ~ j 

Angle of incidence about 2’, unpolarised light. {, 
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In the present analysis, was evaluated 
directly from the experimental data by means 
of a computer programme based on the three 
point Simpson procedure. The step length 
was fixed at 0-05 eV and thus approximately 
300 data points were included, ensuring that 
fine structure was not lost. It is often possible 
to evaluate the low frequency component /, 
by extrapolating the reflectivity data in accor- 
dance with tabulated refractive indices. In 
the case of sulphur, there is no appreciable 
absorption in the range 0 < Wo < a. so that 
the reflectivity remains constant. Equation 
(2) can then be integrated analytically to give 

Thus the high frequency contribution /;^ 
presents the real difficulty. There are several 
procedures that may be adopted, but all of 
these rely on one of two possible criteria: the 
total phase angle must be zero in regions of 
negligible absorption and the computed values 
of the extinction coefficient k should agree 
with absorption data in spectral regions where 
direct absorption measurements can be made. 


A number of extrapolation methods have been 
developed for the calculation of /.j, amongst 
them those of Philipp and Taft [7] and Rimmer 
and Dexter [10]; a somewhat different ap- 
proach has been used by Roessler[ll]. As 
remarked by Stern[12], there exists at present 
no entirely satisfactory method of data analy- 
sis, in that most procedures appear to be of an 
essentially arbitrary character. 

In the analysis of the present data it ap- 
peared slightly more direct to appeal to the 
calculated /i-f/-. values and use these to 
choose a suitable form for /;j(a)o), than to 
search for an extrapolation that would give the 
required fit. The choice is guided by know- 
ledge of the various expressions for that 
have been derived from extrapolated reflec- 
tivities, and by the need for the corresponding 
behaviour of R to be physically acceptable. 
I'he analytical form of /utwo) chosen was 

/,(co„) = -M + filn||^'|). (6) 

The success of this expression in giving the 
desired low frequency fit is made evident by 
reference to Fig. 3, in which the total phase 



F>g } Plol of the phase angle obtained from a Kramers- 
Kronig analysis of the reflectivity data 
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angle is plotted. The second term in 
equation 6 is similar to the expression for /,, 
and corresponds to a constant R over the 
range (/?, ^o). The constant A may be regarded 
as a correction factor that compensates for 
any structure in R beyond the upper limit h. 
The discussion in the next section indicates 
that such structure is likely to exist. The 
values of A and B have been determined in 
the present work by means of a computer 
programme that obtains a least-mean-square 
fit between /;, and /, + /:; over the range a < 
Wo < However, A and B may also be 
determined from the solution of simultaneous 
equations, at two frequencies (o^, and 
(u < lOj,. and the results thus ob- 

tamed are included in Table 1 The consistency 
of the A and B values in Table I is very satis- 
factory, particularly when it is compared with 
a similar check based on the Roessler method, 
(c.f. reference! llj Tabic I). 

Having obtained the phase angle 6/ as a 
function of photon energy, it now becomes 
possible to calculate the spectral dependence 
of the optical constants. Fig. 4 shows the 
absorption coefficient a(w) and Fig. 5 the 
real and imaginary parts of the dielectric 
constant, — A:- and €2 = 2nk. where 

Table 1 . Check of consistency of the pro- 
ceJun used in the Kramers-Krdni^ analysis. 
The constants A and B in equation (6) have 
been determined from different pairs of 
frequencies, ojp and cOr/. in the fitting range 
and are compared with the values from a 
least mean square fit 



(eV) 

A 

a 

100 

1-SO 

800 

34*00 

L50 

2‘00 

812 

33*40 

200 

2*50 

7-93 

34'40 

too 

2-00 

804 

,34*05 

1 20 

2-80 

812 

33*54 

Least mean square values 



(I0< *<«„< .V0)cV 

8 072 

,33*86 


k-a\l47r. Before proceeding to the discus- 
sion of these results, the following general 
comments are relevant. The shape and the 
spectral characteristics of the curve (Fig. 5) 
are almost completely determined by the 
experimental data through the integral I,. The 
interpretation of the results in Section 6, 
based on the features of thee^ curve, is there- 
fore largely unaffected by the extrapolation 
procedure used in the Kramers-Krdnig analy- 
sis. On the other hand, absolute magnitudes 
of the derived optical constants are sensitive 
to the magnitude of and thus depend 
fairly critically on the general consistency of 
the analysis. 

5. DISCUSSION 
5.1 The absorption coefficient 

In Fig. 4 the derived spectral dependence of 
the absorption coefficient is compared with 
experimental data. The graph includes the 
measurements of Spear and Adams[5] and 
of Hellyer[13] employing both single crystal 
and thin film specimens. The relative absorp- 
tion data on thin films obtained by Rathenau 
[14], using photographic detection, have also 
been fitted to the absorption edge. The com- 
puted values of a lie exactly on the experi- 
mental edge, and at higher photon energies 
are intermediate between Hellyer's results 
and the data of Rathenau. Bearing in mind the 
difficulties associated with experimental 
determinations of a in regions of high ab- 
sorption, the agreement is satisfactory. The 
lack of structure in the thin film results is not 
surprising. 

At higher photon energies, the absorption 
coefficient shows a distinct minimum at 8 05 
eV. The value of k at this energy is only about 
4 per cent of the value of n and it is possible 
that the absorption at the minimum may be 
smaller than the computed values. Even with 
the determined values, the transmission of a 
1000 A film of sulphur at 8-05 eV would be as 
high as 50 per cent. Such a film deposited on a 
substrate of lithium or magnesium fluoride, 
could be useful as a band pass filler. 
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i 4 1 he spectral dependence of the comriiied absorption 

coeflicient o, compared with experimental data 



Pig. The real and imaginary parts e of the complex dielectric 
constant. I'he numbers above certain features of the €2 curve are 
used in the discussion (Section 6) 
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5.2 Classical analysis of the peak in €;,((*)) at 
94 eK 

In view of the sharpness of the 9 4 e V peak, 
it is reasonable to consider it in isolation, and 
fit it to the classical dispersion theory which 
gives 


itions. Each of the above integrations yields 
very nearly the same proportion of the pre- 
dicted value (43 per cent and 45 per cent 
respectively), which confirms the internal 
consistency of the analysis. 

A third sum rule is 


£ 2 ( 0 ) )= 2nk = 


Ne'^ 


(7) 


dXi 

/ 


COe2(w)dcD ; 


2772/vc' 


m 




(C) 


In equation (7), N is the number of electrons 
per unit volume that can oscillate in response 
to an incident electromagnetic wave of fre- 
quency 0 ), and g is the damping coefficient. 
The analysis leads to = 3*1 . 10^^ cm~^ 
which indicates that the effective number of 
electrons per atom participating in the inter- 
action is n^.(^ = 0*80. 


The integral has been evaluated for a series of 
a>() and the eflTective number of electrons per 
atom, /itTf, is plotted as a function of energy in 
Fig. 6. Each sulphur atom contributes 6 outer 
electrons to molecular stales, two of which are 
instrumental in bonding. At around 15-5 eV 


5.3 Application of sum rules 

The application of the Kramers-Kronig 
dispersion relations to the various optical 
constants results in expressions known as 
‘sum rules' (e.g. reference[8]). Such expres- 
sions arc useful because they constitute a 
check on the self consistency of the data 
obtained. The following relations have been 
applied: 

00 

JnadX = Dtt^ (a) 

where is the zero frequency value of the 
refractive index. 

(Graphical integration of the function na 
between \ = 800A and \ = oo led to a value 
of 13-4, as compared with the value of ap- 
proximately 30 for (/i,2 - 1 ) 7 rl 

TO 

J ad\ = (mo— 1)277^ (b) 

0 

Integration of the computed values for a 
between the same wavelength limits as above 
gives 8-5, which compares with (wo“ D 277^ = 
20 . 

1 hese results indicate that the spectral 
region studied experimentally by no means 
includes all of the significant optical trans- 



Fig. 6. Ploi of the effective number of electrons peralom 
which contribuie at photon energy Aw. The curve has 
been calculated for sum rule (c). 

(800A), has reached a value of 2*6. Thus 
44 per cent of the available ‘molecular* oscil- 
lator strength contributes up to this energy. 
The similarity between this figure and the 
two previous results implies that the optical 
properties of are dominated by transitions 
involving the six electrons peralom that move 
in molecular orbitals. 

The detailed shape of Fig. 6 is of some 
interest. In general, a ‘plateau* signifies that 
one set of transitions are exhausted, and the 
subsequent sharp rise indicates that another 
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system comes into play. Pronounced structure 
of this type occurs at 8 and 10-5 eV, and the 
difference between the ‘saturation levels’ is 
0-74. This increase in the number of electrons 
per atom effectively participating in inter- 
actions with the electromagnetic radiation is 
associated with the strong 9*4 eV peak in the 

curve and should be compared with the 
figure of 0'8 for obtained in the previous 
section. 

6. IM EKPRETATtON OF THE RESCI TS 

The imaginary part of ihe dielectric con- 
stant enid ) ) shown in Fig. 5 is mainly dependent 
upon the joint density of states function 
for the relevant bands in which the initial and 
final states / and / of the transition are situ- 
ated. It is likely that the matrix elements 
governing a particular transition j f do not 
change greatly over the Brilloum /one. It will 
be assumed that the only significance of the 
matrix elements is to make certain transitions 
strong and others weak. 

In the following, an attempt is made to inlci- 
prel some of the main features of the €i)(oj) 
curve in terms of the molecular orbital analy- 
sis of the S„ molecule recently carried out by 
(iibhons|4J. As this woik is unpublished a 
brief summary of the results is included here. 

Gibbons analysed the Sh ring in terms of .Tv/?*’ 
hybrid orbitals and used Slater 3,s and 3/? 
atomic wavefunclion.s in his calculations. Of 
the hybrid orbitals, two arc occupied by ‘lone 
pair electrons, and the remaining two are 
engaged in forming the covalent bonds with 
neighbouring sulphur atoms. As the atoms arc 
brought together to the Sh configuration, the 
resulting interaction leads to the molecular 
stales illustrated in Eig. 7. The significant 
effect is the splitting of the a and (t* states 
caused by the strong overlap of the bonding 
orbitals. The lone pair orbitals forming the 
molecular tt system overlap far less strongly, 
so that the tt and energies are likely to lie 
fairly close. In the molecular crystal lattice, 
the overlap between molecular wavefunctions 
is relatively small, so that a close correspon- 
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Eig 7 . Molecular oihital analysis of ihe molecule and 
suggested band scheme for the crystal (aftei Ciibbons) 

I he highest full band is formed from ir ‘ and tt orbitals, 
the <r * 01 hitals foi m the nai i ow hopping level. 


dance would be expected between the elec- 
tronic structure of the isolated molecule and 
the band structure of the crystal, as indicated 
in Fig. 7. 

It should be emphasised that the suggested 
band scheme is essentially qualitative, al- 
though Gibbons has estimated the widths of 
the highest filled band, and of the lowest 
empty hand (cr^), by means of the Bloch 
tight binding approach. The values of 0*8 eV 
and 2T0“’^eV respectively support the pub- 
lished interpretation [2J of the transport 
mechanisms in sulphur. 

The above model now forms the basis for 
the tentative a.ssignmcnt of the tran.sitions 
shown in Fig. 8. The numbers in brackets 
represent transitions which are associated 
with the similarly labelled features of € 2 ( 0 )) in 
Fig. 5. 7Te first band, peaking a! about 4-3 eV 
is assigned to transitions from the tt* filled 
band to the a* hopping level. This is sup- 
ported by transient photoconductivity meas- 
urements [5], which showed that above about 
4eV electrons and holes are generated in 
pairs, with rapidly rising quantum efficiency. 
The activation energy associated with the 
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hig 8. Suggested interpretation of the main features of 
the €;(6j) curve The transitions aie numbered to corres- 
pond lo particular features in lug. 5 All energies m eV 
(' B . conduction band, H L.: hopping level: H.B • hole 
hand. B I..: bonding level. The broken lines indicate 
regions of high density of states in the relevant bands. 

intrinsic generation has been placed near 4-2 
eV. Ihe absorption below about 4eV was 
found lo result from predominantly non-photo- 
conduclive processes. As the final state of the 
transitions, the level, is extremely narrow, 
the part of the band above about 4*0 cV in 
Fig. 5 should reflect the density of states in 
the 77 band. According to the selection rules, 
transitions are allowed (g w), 
whereas those from tt ^ are not. The 
width of the band is about 0*8 eV and trans- 
itions (I) and (2) are shown in Fig. 8 in ac- 
cordance with the above discussion. 

I'he next prominent spectral feature in the 
€.i{co| curve is a second band containing the 
peaks centred on 6-3 eV [3] and 6*9 eV [4]. It 
is thought to be connected with transitions 
from the (ir*,7r) full band into a compara- 
tively wide conduction band lying above 


thecr’*^ hopping level. Nothing is known about 
the character of this band, except that in 
principle it could be formed from 4.yo- orbitals, 
6 levels derived from 3d states, or from a mix- 
ture of the two. In the following we have 
assumed that the band possesses 3 J character, 
firstly because this leads to a more acceptable 
interpretation, and secondly because 3d 
orbitals appear to play an important role in 
sulphur compounds, such as SF,;. Bonding 
orbitals derived from the 3d states have both 
u and g symmetry and thus transitions from 
the and n states into the conduction band 
are allowed. It is possible that peaks (3) and 
(4) are due to these transitions although other 
interpretations are feasible. The minimum at 
8eV (5) probably reflects the convoluted 
widths of the tt, tt* and conduction bands. 
Photoemission studies at present in progress 
1 13] lead lo a threshold energy of about 8 eV. 
Transition A in Fig. 8 therefore fixes the top 
of the TT* band with respect to the vacuum 
level. 

The most prominent feature in ej(w) is 
the large peak at 9-4 eV (6) which requires for 
its explanation a transition between two 
narrow, well defined energy levels. This 
immediately suggests the allowed transitions 
between and According to 

Gibbons the widths of these levels should be 
considerably smaller than the measured half- 
width of 0*45 eV. This could possibly be 
accounted for by the strong coupling of the 
electrons to the molecular vibrational modes. 
The structure on the low energy side of this 
peak is of interest, and work at higher resol- 
ution and at low temperatures, at present in 
progress, should provide more detailed 
information. 

The last feature is the band associated with 
peak (7) at U*6 eV. Since emission occurs for 
photon energies above 8eV, this band must 
be connected with levels below the valence 
band. An obvious possibility is the allowed 
transition from the narrow a band into the 
conduction band. The minimum at 10-6 eV 
(Fig. 5) locales the bottom of this band which 
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has an estimaled halfwidth of l’6eV. This 
assignment is consistent with the information 
deduced from peaks (3) and (4). 

7. CONCLUSIONS 

(1) The optical constants of orthorhombic 
sulphur between 2*5 and 14eV are sum- 
marised in Fig. 5. The results were obtained 
from reflectivity measurements on (III) 
planes. The spectral features are largely 
unaffected by surface treatment. 

(2) The spectral dependence of the ab- 
sorption coefficient derived from the Kramers- 
Kronig analysis is in satisfactory agreement 
with direct measurements near the absorption 
edge. T his supports the validity of the an- 
alysis as do the sum rule applications. 

(3) rhe principal features of the e-toj) 
curve have been tentatively assigned to the 
transitions shown in Fig. H, which is based 
upon the orbital calculations of Gibbons. 
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TRANSIENT PROCESSES IN SPIN-WAVE SYSTEMS 
WITH MAGNETIC DIPOLE RADIATION -II. 
EXPERIMENTAL INVESTIGATIONS* 

B. DESORMIERE and E. MILOT 
C.F.T H,. B.P. 1 1 , 92-Bagneux, France 
and 

H. Le Call 

I.aboratoire dii Magneiisme. C.N.R.S., 92-Bellevue, F' ranee 
(Receiypd 24 1968) 

Abstract -The harmonic and anhiirmonic transient evolutions of the power absorbed by a ferro- 
magnetic system which is suddenly submitted to an electromagnetic excitation of constant amplitude, 
IS experimentally studied under perpendicular pumping. We show the influence of the magnetic dipole 
radiation of the uniform magnons in narrow line-width crystals, like YIG and lithium ferrite, on the 
transient and steady-state absorption processes. When the ferromagnetic system is overcouplcd. the 
absorbed r f. power reaches, in the harmonic case the linear steady-slate level at'lcr an overshoot due 
to the retardation of the radiation processes with respect to the direct pholon-magnon processes of 
absorption. In the same way, in the anharmonic case, the overcoupled ferromagnetic system leads to a 
non-linear steady-state absorption level, higher than the steady-stale linear level. The experimental 
results arc in good agreement with the theory that we developed earlier, we can deduce from the theory 
the characteristics of the parametrically excited spm-waves. Finally, we have shown that the magnetic 
dipole radiation of the uniform magnons is the basic mechanism of tunable band pass filters and limiters 
using the ferromagnetic resonance Fxpressions are derived for the selectivity of these devices and for 
the residual energy contained in the spike of the limiters, These expressions are in agreement with the 
experimental results. 


I. INTRODUCTION 

In part I[1J a general theory was given for 
linear and nonlinear transient processes of a 
ferromagnetic system submitted to a micro- 
wave excitation, in the case where the r.f. 
magnetic field is perpendicular to the applied 
d.c. field (perpendicular pumping). Since the 
theoretical work of Suhl[2] who interpreted 
the non-linear behavior of the ferromagnetic 
crystals at high power level, many experi- 
ments have been perfomed on this subject. 
However, most of the experimental results are 
devoted to the determination of the excitation 
threshold of parametric spin-waves and of the 
imaginary part of the r.f. steady-state sus- 
ceptibility. The study of the transient pro- 
cesses is of great interest both from a funda- 


* This work was supported In part by the Direction des 
Recherches et Moyens d'Essais (Paris). 
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mental point of view as a research tool for the 
basic dynamic processes occuring in ferro- 
magnetic crystals and from a practical point 
of view, because it gives information on the 
linear and nonlinear behavior of some 
micro-wave devices such as circulators, 
phaseshifters, limiters and filters. Indeed, 
these devices are submitted mainly to r.f. 
pulses with duration of about a few micro- 
seconds and for fundamental studies the use of 
r.f. pulses allows a more detailed observation 
of the phenomena and also avoids heating 
effects. 

Recently, Schlomann et «/. [3] have studied 
the transient evolution of a spin-wave system 
under parallel pumping conditions. This 
technique presents the advantage of studying 
the evolution of a spin-wave mode[4] only. 
However the parallel pumping is a non-linear 
process (three-boson transitions with des- 
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traction of one photon and creation of two 
magnons) and is not of the same practical 
interest as perpendicular pumping, used in 
most microwave ferrite devices. Perpendic- 
ular pumping is a linear process (one photon 
is absorbed and one uniform magnon created) 
where the harmonic and anharmonic transient 
evolution can be independently studied. 

In addition, in pari I we explained the im- 
portance of the dipolar radiation of the uni- 
form magnons, which produces reverse 
magnon-pholon transitions. 'Ihus, we have 
shown that a narrow linc-widlh ferrirnagnelic 
sample having a high filling factor in the micro- 
wave cell, becomes a mirror for the r.f. exci- 
tation: all the incident power is rc- radiated. 
This radiation, which has been neglected by 
most authors, is fundamental both from a 
scientific point of view, because it modifies 
widely the dynamical properties ofthe materi- 
als, and from a practical point of view because 
It IS the basis of microwave fillers and limiters. 
In experiments we can use samples having 
a nanow line-width and a large diameter, 
which leads to high ladiation, because the 
radiated tie Id can then be taken into account. 

The prescnl paper is divided into b sections. 
In Section 2 the inlluencc of the magnetic 
dipole radiation on the transient and steady- 
state evolution ofthe uniform mode is discus- 
sed in the harmonic case. I he contribution of 
the radiated field to the relaxation rate of the 
uniform magnons is given. Section 3 des- 
cribes the transient evolution of the uniform 
mode when (he three-magnon non-linear pro- 
cesses occur, fhe changes in the threshold 
and transient growth of the spinwaves, pro- 
duced by the dipolar radiation, are deter- 
mined. In Section 4 we analyze the possibility 
of a direct observation of the magnetic dipole 
radiation. For this purpose, the expression of 
the r.T power radiated by a spherical ferri- 
magneiic sample, placed between two crossed 
waveguides, is derived. We discuss this de- 
vice upon which the filters are based. In 
addition, an analytical expression of the 
energy contained in the spike of the r.f. pulses 


transmitted through a limiter is derived and 
compared with the experimental results. The 
analytical expressions describing the time 
evolution of the uniform mode, the absorbed 
power and the radiated field, given in the part 
I are correct as long as the spin-wave popu- 
lations do not become too high, in order to 
check qualitatively the experimental results 
which give the full evolution of the phenomena 
towards the steady-state, we have performed, 
in Section 5, numerical calculation of the 
transient absorbed power by making some 
simplifying assumptions. Finally, Section 6 
describes the experimental arrangement used 
in this study. 

2. TRANSIENT HARMONIC PROCESSES 
In the conventional ferrimagnetic resonance 
experiments the main source of linear damp- 
ing is produced by two-magnon transitions 
due to the magnetic surl'ace and volume in- 
homogeneities, as proposed by Clogston ei 
t//.[5|. One uniform magnon is destroyed and 
one kM) magnon is created. Then (he mag- 
netoelastic coupling transfers the energy from 
the magnon system to the phonon bath with 
two and three-boson transitions [6). Fhis 
model is correct if the linear relaxation rate 
of Ihe uniform mode is large, as it is in 
polycristallinc samples or in some single- 
crystals having surface pits, dislocations, 
vacancies or slowly or rapidly relaxing im- 
purities. In that case, the uniform mode 
population, as deduced from the magnon 
operator is weak [7]; 



where q is the electromagnetic field operator 
which determines the amplitude of the r.f, 
excitation. In the last few years because of 
progress in crystal-growth techniques, it has 
been possible to obtain ultra-pure single- 
crystals having quasi perfect crystallographic 
structure. The relaxation rate of these samples 
is very low as in yttrium-iron granet and 
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lithium ferrite. Thus, according to equation ( 1 ) 
the number of uniform magnons increases 
as decreases. In that case a new process of 
damping is observed for the uniform mode. 
The dipolar energy of the uniform magnons 
results in a magnetic dipole radiation which 
increases when decreases. With this new 
process, the genera) expression of the micro- 
wave power actually absorbed by a ferromag- 
netic crystal, in the harmonic and anharmonic 
cases, is (1). 

+ ( 2 ) 

where 27rfi is the Planck constant and a' and 
p' are two parameters which represent respec- 
tively the direct processes of absorption and 
the reverse processes of radiation. and 

q * are hermitian conjugates of Co and q. 

All the constants in the present paper have 
the same definitions as in [Ij. The first two 
terms of equation (2) represent the number 
of the incident photons which are coupled per 
time unit to the uniform magnons, and the last 
two terms give the number of photons re- 
emiiled by dipolar radiation. Figure I shows 
the linear relaxation of the uniform mode with 
the correction of the radiation. 

The experimental study of the transient 
evolution of the uniform mode is performed 
by using r.f. pulses having fast time rising 



10“^ sec). In order to avoid transient effects 
in the microwave cavities, the sample is 
placed at the center of a wave-guide at the 
distance / from a tunable short (Fig. 2). 
From the equation of motion of the magnetic 
system, we have shown[l] that the dipolar 
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radiation produces two effects; first, the reson- 
ance frequency is shifted and becomes: 

and then, the relaxation rale tji, of the uniform 
mode increases: 

T?/. = ’?«)(! +/3„cosU,;/). (4) 

pu i?» the filling factor defined by: 

_ 47rF 47rMo 

where and V are respectively the 

uniform mode line-width, the magnetization 
and the volume of the sample; is the wave- 
length of the r.f. field in the wave-guide of 
dimensions a and h (Fig. 2). Even if the in- 
cident r.f. excitation is kept at a constant 
value, the transient growth of the uniform 
mode amplitude c,, leads to a lime variation of 
the radiated field. Thus, the effective r.f. 
field on the crystal is no longer constant but 
varies according to: 

"('-Tfs)"-*'’’"’ 


I Schematic diagram of the linear relaxation with 
magnetic dipole radiation 
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n3« 

with 


Pa COS^ kj. 


From these considerations, if is the 
constant incident power, the evolution of the 
power Rf, absorbed effectively by the sample 
is: 


Ll 

P.,.. 


Ah 


u+Hir 


e ipfC -j3/e ). (5) 


if is suddenly suppressed at the time 
r-t(. at which lime the steady-slate is reached, 
the evolution ofP,, is given by: 


2ii,\r I,\ 

R.r''~ (I+/3/F 


(6) 


The minus sign before equation (6). shows 
that Pa is reradialed by the crystal. 

The experimental verification of equations 
( and (6) have been obtained with a spherical 
YIG single crystal (I -56 mm in dia.) placed 
at the center of a rectangular wave-guide at 


C-band (w/Ztt = 5*3 GHz) at a distance / from 
the tunable short. By moving the short- 
circuit, we vary the term /3/, through the term 
cos^ of interaction between the r.f. excitation 
and the magnetic system. Hence, the radiation 
rate, defined by: 


v = ^ 

I T)3/ 

depends on I 

Figure 3 shows the absorbed power evol- 
ution when the r.f. field is applied at /=0, 
for different values of /3/. In these experiments 
Puic is not too large, in order to avoid non- 
linear processes ^ I mW). The steady- 
state absorption is the same when /3f=0-5 
and 2 in these cases, the incident power is not 
entirely absorbed = 0-88). Indeed, 

when 1, the magnetic system is under- 
coupled and 12 per cent of P^ is de-coupled 
from the uniform mode, whereas if /3/< 1 all 
the incident power is coupled to the uniform 
mode. In this last case the magnetic system 
is over-coupled and 12 per cent of the ab- 
sorbed power is re-radiated after an over- 
shoot, In Fig. 3, the case is obtained 
by decreasing the wave-guide height to 5 mm. 



Pig 3 Transient harmonic evolution of I he r.f, power absorbed at 
resonance by a YIG single-crystal, for different values of the 
coupling factor. 
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This increases the filling factor. At critical 
coupling (j3/=l), all the incident power is 
absorbed in the steady-slate The 

origin of the overshoot can be simply explain- 
ed. Indeed, as shown in reference [1], the 
amplitude (\) has an exponential evolution: 

Co - 

From equation (2), we deduce immediately 
that the number of photons effectively ab- 
sorbed per time unit is given by the difference 
between a quantity which increases as Co 
(term a'c^q^} and a quantity which increases 
slowly as r/ (term When j3/ > l,the 

radiation terms are large but their reaction 
arises only after a relatively extended time. 

In Fig. 4, the radiated power after the sup- 
pression of the r.f. excitation is plotted on a 
logarithmic scale for two values of fij. The 
slope of the curves gives the relaxation rate 
T]i since equation (6) leads to: 


Then, from equation (4), we deduce the line- 
width A//() of the uniform mode: 


The good agreement between the theoreti- 
cal and experimental results justifies our 
assumptions particularly when we consider 
the magnetic dipole radiation of the uniform 
magnons. We must introduce this process in 
the study of transient and steady state phen- 
omena for narrow line-width samples, because 
the dipolar energy of the uniform mode pro- 
duces a radiated field. Finally, the radiated 
power measured, when the r.f. excitation is 
suppressed, gives an accurate method to 
determine the low relaxation rales, since it is 
not necessary to know the value of the d.c. 
magnetic field; so, at room temperature, 
we obtain, for the YIG sample that we use, 
a line-width equal to 0-274 Oe. 

3. TRANSIENT ANHARMONIC 
PROCESSES 

The experimental results described in this 
section concern mainly the firsK^rder anhar- 
monic processes induced by the coupling 
coefficient defined in [IJ, which leads to 
the transfer of energy from a /^ = 0 magnon to 
a pair of parametric magnons ±k, as shown 
in Fig. 5. In the anharmonic case, the dipolar 



Fig. 4 Time evolution of the power radiated by a YIG ^ingle- 
cryslal at resonance when the r.f. excitation is suppressed at the 
time t,. 


0 
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magnetic dipole 
radiation 



linear relaxation 


phonons 


) 1^ ^ Sc'hcnuiMe di;i^'r;uD of iht* linear relaxalion with 
matinctiL dipole racliaiion, 


radiation also modifies strongly the critical 
threshold of the spin-waves and the transient 
and steady-stale evolutions of the magnetic 
system. 

hor a given material, the spin-wave thres- 
hold IS an intrinsic parameter which depends 
mainly on r),^ and We have seen in 
section 2 that the relaxation rate r/,, is modi- 
fied by the dipolar radiation, thus, the 
measurements of the threshold must be 
corrected by a radiation facU^r, brom equation 
(.S6) and (.^9) of fj|, we obiain the relation 
between the measured threshold and the 
intrinsic threshold which is independent 
of the radiation; 


with 


and 

These properties are described in Fig. 6. 
rhe variation of the r.f. susceptibility is given 
at the resonance conditions, as a function of 
' for two values of the coupling factor 
(j3/ = 0-26 and 0*71 ). We used a lithium ferrite 
sample for which the Ihree-magnon cut-off 
frequency is higher than the r.f. excitation 
frequency (ta,j = 5*3 GHz). For the two 
values of jS/ mentioned above, the curves are 
the same; thus there is a single value of the 


.. 'I+A.)/,,. 

1 1 ''xif 

COS kj 

(7) 

Wh 

(«) 







t'lg 6, R r. susceptibihiy at resonance of a lithium ferrite 
sample as a function of the inverse of the intrinsic excita- 
tion. for (wo values of (he coupling factor. 


intrinsic threshold which is independent of 
the strength of radiation. 

The transient study has been performed 
quantitatively for the first-order processes 
only. Indeed, the response observed for the 
second-order processes if very complex. In 
this latter case, both the saturation pheno- 
mena, produced by the parametric spin-wave 
excitation, and a resonance frequency shift, 
due to the fold-over effect, arise during the 
transient processes. We observed a modula- 
tion of the reflected power and a large differ- 
ence in the steady-state absorption between 
the cases where the sample is tuned to reson- 
ance at low or high steady-slate level. For the 
first-order processes, the resonance frequency 
is (he same at low and high power levels, in 
Fig. 7, the traces a and b describe the typical 
lime responses of the magnetic system, brace 
7 (a) shows the transient evolution of the 
absorbed power P„ when fii < 1 , for different 
values of r.f excitation. Trace 7 (b) shows the 
non-linear evolution of T,, when > 1 . 1 n the 
two cases, the evolution of the absorbed 
power and the radiated field, as long as the 
parametric spin -wave reaction does not 
become too large, arc given byll): 





i-(i-/8,) 2 u,{n 


-pi 1 

\ / 


( 9 ) 
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[q-n*) 


X 


I - S Uk{t) 


( 10 ) 


The factors of equations (9) and (10) are 
the same as in [1]. lJi.(t) describes the time 
exponential growth of the mode k. Figure 8 
shows a typical result of the power absorbed, 
at 5*3 GHz, by a lithium ferrite sample when 
^i~0‘355. In this case, the level of the inci- 
dent power applied is \2dB above the thres- 
hold. The linear evolution is very fast, and the 
linear steady-state is reached before the spin- 
wave amplitude becomes too large. Figure 9 
represents, on a logarithmic scale, the non- 
linear evolution of B,,, fhis curve shows 
clearly that an exponential evolution of the 
spin-wave population, can be obtained over a 
relatively long period (/ - 200 nsec). Hence, 
in equation (9) the quadratic term can be 
neglected at the beginning of the spin -wave 
reaction and the discrete summation over k 
can be restricted to a very narrow packet. 

By assuming that only one parametric mode 
is excited, we deduce the spin-wave relaxation 
rate from the time variation of given 
by equation (9): 


A^(/) ^ 4/3, PAt) 

Pn. /V 


4j3,(l-j3/) 


t\.c\p 2 t}u 



( 11 ) 


with Fi, as defined in [1]. is then deter- 
mined from the measurements of P„ and 
The results agree with those obtained by 
the parallel pumping technique [8- 10] (see 
Table 1 ). 


4. DIRECT OBSERVATION OF THE MAGNETIC 
DIPOLE RADIATION 

The foregoing theory can be applied to 
explain the behavior of microwave filters 
and limiters using ferromagnetic resonance. 



Fig. 8. Transient an harmonic evolution of the power 
absorbed at resonance by a lithium ferrite single-crystal, 
when the ferromagnetic system is undercoupled. The lime 
decrease of P„ is produced by the built-up of the three- 
magnon processes 



I ig, 9 Determination of the spin-wave relaxation rate in 
a lithium ferrite sample, from the lime variations of the 
power absorbed by the sample. 


Table 1. Experimental results for lithiitm 
ferrite = 2*65 GHz) 


Magnetization 

direction 

(Oe) 

[100] 

[110] 

nil] 


5-2 


.->'63 

AH* 

O' 33 

0'4.S 

0-72 


0-52 X 10 ' 

0 77 X 10 

i nx 10 » 


0 
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Degrasse first described such a filter which 
can be tuned over a wide frequency range and 
can limit the transmitted power when the 
incident signal exceeds a threshold [1 1]. 
Carter[l2] and Patel [13] have given the first 
interpretation of this device, by showing the 
analogy between the properties of the magnetic 
resonator and those of equivalent current 
loops. The validity of their model is restricted 
and cannot describe fully the junction defined 
by the filter. A theory of the filler is given 
below from the more fundamental assump- 
tions of the magnetic dipole radiation we have 
developed in [1 1. 

To do that wc take the microwave set-up, 
shown in Fig. 10. Two short-circuited wave- 
guides have a common circular hole at the 
center of their larger side. A fcrri magnetic 


Linear case 

In order to simplify the derivations, the 
following assumptions are made: (a) The two 
wave-guides are uncoupled when the fern- 
magnetic crystal is off-resonance, (b) The 
sample is in the short-circuit plane of the two 
waveguides, (c) Only the TE,o mode is excited. 

We have seen that a dipolar radiation is 
equivalent to a current source L and a voltage 
source With the assumptions mentioned 
above, the complex amplitudes of the r.f. 
field, near the sample, are in the wave-guide I : 


H, = i) 

and in the wave-guide 2: 



I'lH 10 Microwave >cl-up foi a direct ohscrvalion oflhe 
majtnclic dipoic radiation ol lhc uniform magnons 


Hj -0 


2K' 

m. 


( 12 ) 


a and b arc the wave-guide dimensions, K' — 
27ry'lfjLiX, and V is the volume fraction of the 
sample which radiates in each wave-guide. 
Jn addition, from equation (16) of [1], only 
a wave is propagating in the wave-guide 2 
wilh the amplitude; 


where Z„ is the characteristic impedance of 
the wave-guide. Then, the power radiated in 
the wave-guide 2 is given by: 


sphere (for example YIG) is placed at the 
center of this hole. ITom the properties of 
the dipolar radiation, we shall determine the 
power transmitted by the sample from the 
wave-guide 1 to the wave-guide 2 in the linear 
case (filter) and in the non-linear case (limiter). 
The transient evolution will give the residual 
energy of the limiter spike. Finally we com- 
pare these theoretical properties wilh the 
experimental data. 


Pr 




1 vlj^ 

2 Z 


(13) 


From equations (15, 28 and 29) of [1], we 
obtain; 


P, 


" ab V 


bo^h„. 


(14) 


The amplitude of the uniform mode is 
(equation 40 of [1]): 
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with 

— 6) + /ir)[ 

T?;. = I1n(l + 2i3i) 

AttV' 47rM() 
fi\f= 

ahKfj A//o 

Equation (15) is different from the solution 
(43) obtained in [1] because the coupling of 
the sample to the wave-guides introduces a 
factor 2)8/ in rji. Finally, since the incident 
power in the wave-guide I is 



5 5-5 6 


r ig. 1 1 . Selectivily of a transmission filter or limiter using 
lithium ferrite resonators. 


(16) 

the power radiated in the wave-guide 2 
becomes: 


(1 +2)8o)^ + ((wo“^<>)/t)o)^ 
X(l-e"*“'')2. (17) 

The expression (17) describes the time evolu- 
tion of the power transmitted through a 
resonator having for Q-factor ^^nd the 
input and output coupling coefficients 
We designed such a filter based on the 
magnetic dipole radiation. In order to improve 
the characteristics we chose a strip-line set- 
up with two lithium ferrite spheres situated on 
each side of a coupling hole between the two 
strip-lines. This filler is magnetically tuned 
between 4*9 and 8 GHz. Figure 1 1 shows the 
selectivity of such a device. 


emitted power in the wave-guide 2 is due to 
the uniform mode radiation. Thus equation 
(14), given above for the linear case, is still 
correct, if the linear amplitude b^) is replaced 
by the non-linear solution obtained from by 
Equations (45-7) of [1]. These latter equations 
of motion are modified in the present device 
only by the introduction of the radiation of 
the sample in the wave-guide 2 (equation (12)). 
Following the method described in [1], it is 
straight-forward to derive the power radiated 
in the wave-guide 2, at the beginning of the 
spin-wave reaction: 


Pr(n = 




( I + 2j3ft)“ + ( {wo ” cu)/T7a)^ 


fl\W 




— exp/V/ 


(18) 


with 


Non-linear case = the limiter 

If the incident power exceeds (he thres- 
hold in the device described above, three- 
magnon transitions arise and limit the 
amplitude />o of the uniform mode to a maxi- 
mum value Since the spin-wave radiation 
can be neglected in our case, the only re- 


yw _ huK __ I \ 

an' l/c A 

For simplification, it is assumed that only a 
parametric spin-wave state is excited above 
the threshold. We can evaluate the energy 
contained in the spike of the limiter. We 
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define this energy by the hatching area in 
Figure 12, i.e.; 

WPn. 

X(/,-/,) (19) 

where // and /.i are dclermined by I he inter- 
section of the sleady-siale level with respec- 
tively the linear increase and the approximated 
non-linear decrease of the radiated power. 



I m, 12 Dcliniiion ol ihe icMdii.il energy ^vonlmncd in the 
spikt' irdnsinissioii limitci 

The expression (19) has been compared 
with (he experimental results obtained at 
5‘3()H/ on a limitei in which the magnetic 
dipole IS a spherical lilhiuin ferrite single 
crystal all of whose parameters have been 
determined experimentally | lOj. bigure H 
shows that the calculation (19) is correctly 



Lig I ^ Vanalion of ihc residual energy of the spike of a 
iransmission limter as a function of the incident power. 
The solid curve is given by (he theory 


verified over the 20 c/B dynamic range of 
limitation. Equations (17) and (18) give the 
same selectivity of the device in the linear and 
non-linear behavior. The 3 dB band-pass is 
170 MHz. In Fig. 13, the difference between 
theoretical and experimental results, when 
> 1 W, has two origins; first, when 
IS very high, spin-waves arise before the 
uniform mode reaches its linear steady-stale 
level; second, the assumption, that only a 
single spin-wave mode is excited, is no longer 
correct and we must consider in our calcula- 
tions a spin-wave packet AA. 

$, NUMERICAL INVESTIGATIONS 
The transient evolution of the power ab- 
sorbed in the anharmonic case is correctly 
described, at the beginning of the spin-wave 
growth, by the analytical expression (9). But 
it is not possible to obtain an aniytical 
solution which defines the full evolution of 
the magnetic system towards the non-lincar 
stead y-sl ate. So, we have made numerical 
calculations to solve the equation of motion 
by using the simplifying assumption that only 
one spin-wave mode is excited. This assump- 
tion is not fully correct, hut readily gives a 
numerical solution which, in the overcoiipling 
case iPi > I ). verifies qualitatively the evolu- 
tion of P,;. Indeed, the lime variation of the 
magnetic system is complex in this latter case, 
as shown from the experimental observation 
(big. 7(b)) and the numerical results (big. 14). 

When )3/ > I, the spin-wave build-up gives 
an increase of P„, which reaches the maximum 
value Pj„^, and then decreases to a non-linear 
steady-stale level higher than the linear steady- 
state level. When /3/ < 1 we obtain the classic 
evolution described in big. 15. 

6. EXPERIMENTAL TECHNIQUES 
The r.f. power absorbed under perpendicular 
pumping gives directly the evolution of the 
uniform mode. The reaction of the parametric 
spin-waves on the uniform mode indirectly 
modifies this power. So we must use the 
theoretical result, obtained in [1] to deduce. 
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hig. 14. Theoretical transient evolution of the absorbed 
r.f. power, obtained from numerical integration of the 
dynamic equations, when the magnetic system is overcoupled 
i(i,> I). 



Fig. 1.^. Theoretical evolution of the absorbed r f power, obtained 
from numerical integration of the dynamic equations, when the 
dynamic system is undercoupled. (/3( < I ). 


from the measurements, the characteristics 
of the parametric modes. We have replaced 
the conventional perturbation technique of 
a cavity by using a sample placed in a wave- 
guide, in order to avoid the cavity transient 
effects. 

The coupling factor can be adjusted by 
moving the tunable short which limits the 


wave-guide (Figs. 2 and 16). The incident and 
reflected power are separated by a three-port 
circulator. The absorbed power is deduced 
from the reflected power. A thermostatically 
controlled c.w. klystron gives 50 mW at 5-3 
GHz. A diode switch produces the r.f. pulses 
with a rise time less than 10 n sec. The pulses 
are amplified by a c.w’. travelling wave tube 
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hg 16 Schctnain: diiigiiimof the experimental circuil 


which can give a maximum power of 20 W. 
The reflected wave is analysed through a 
sampling oscilloscope and a A-T recoider, 
which magnifies any pail of the transient 
phenomena. Fhe sample is placed at the 
center of a leclangiilar wave-guide at r-hand 
whose heigh! can be reduced to increase the 
(tiling factor. F inally by means of three manual 
switches, a low or high level signal, c.w. oi 
pulsed shaped, can be applied to the sample. 

a)N( LllS!O^S 

We have studied m detail the time depen- 
dence of the microwave absorption in the 
YlCi and lithium ferriic samples under per- 
pendicular pumping, rhe expenmenlal results 
are in good agreement with theory. We have 
shown that the dipolar radiation of the uniform 
magnons widely modifies the transient and 
steady-state phenomena, mainly in the narrow 
line-width materials. We have interpreted the 
behavior of the microwave filters and limiters, 
using the fciromagnetic resonance, from the 
dipolar radiation properties of the magnetic 
system. The experimental results confirm the 
validity of such a model. 


ijuihois are indebted to E. 

Banerjea for carrying out the computer calculations. 

1 hey aKo wish to thank Chauvin for his lechnical 

assistance 
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Resume- On determine a partir de mesures dc pouvoirs reflecteurs Ics constantesoptiquesde couches 
minces d’mdium evaporccs in Lcs lesullats som donnes pour le domainc spectral 4.1 a 63 cV cl 
montrent la presence de transitions interbandcs et d’une oscillation de plasma. Nous comparons nos 
resullats avec ceux d'autres auteurs concernant ie pouvoir reflecteur, I'absorplion, la courbe de 
densile d’etats dans la bande de conduction et les penes d’energic caracteristiques des electrons. 

Abstract -Optical constants of thin films of In evaporated in stiit are obtiuned from reflectance 
measurements. Results are given for the spectral range 4-1-63 eV and show transitions and a collec- 
tive oscillation. They arc compared with other measurements concerning reflectance, absorption, 
optical density of states, and characteristic cncigy losses 


I/iNDiUM A deja fait Tobjet d'etudes experi- 
mentales et theoriques en ce qui concerne la 
determination de ses proprietes optiques et 
electroniques dans Ic domaine de I’ultra- 
violet. Des mesures de pouvoir reflecteur 
ont ete effectuees par Walker et al.[\] sous 
une incidence quasi normale entre et 
22 eV, par Huebner[2] entre 4,2 et ll,2eV 
pour des incidences de 20"" et 70°. Walkerfll 
a egalement mesure la transmission d’une 
couche de 800 A d’epaisseur, Hunter a 
determine les conslantes optiques entre 11,4 
et 16,7eV (1085 a 744A)[3J et mesure la 
transmission de films d’indium d’epaisseurs 
variables [4]. Afin de completer vers les 
grandes energies les mesures existantes, 
nous avons enlrepris letude des proprietes 
optiques et electroniques de I’indium de 
4,1 eV a 63 eV (3000 a 195 A). 

L’indium pur a 99,999% est dispose dans 
des creusets de tungstene; la couche metal- 
lique se forme directement dans I’enceinte 
de mesure sur des supports de pyrex soig- 
neusement nettoyes ou des lames de mica 
frakhement dive. C'est ce dernier support 
qui nous a donne les meilleurs resullats 
quant a Taspect des miroirs obtenus et a la 
reproductibilite de leurs proprietes optiques. 


La vitesse d’evaporation elait de I’ordre de 
800 a 1000 A/s et le vide dans le reflecto- 
mdre de 10 ^Torr. environ. Les mesures ont 
de effectuees a I’aide des appareillages deja 
decrits[5, 6]. Au-dessous de 1000 A, nous 
utilisons la source Morlais-Kobin[7] avec 
Line circulation d'argon fournissant un spectre 
de raies. 

Nous avons mesure les pouvoirs reflec- 
teurs pour quatre angles d’incidence, soil 
20°, 45°, 60°, 70°, ce qui nous a permis de 
determiner les conslantes optiques a I’aide 
de tables numeriques ou d’abaques (mdhode 
des deux angles d'incidence). La Fig. I donne 
le pouvoir reflecteur ramene a la lumide 
naiurelle d’une couche depaisseur voisine 
de 2000 A pour les incidences de 20° et 70° 
jusque 16eV et pour 60° et 70° au-dela de 
cette energie. En incidence normale le pouvoir 
reflecteur decroit rapidement vers 10 eV pour 
devenir trd faible (inferieur a 2^ ) vers 1 6 eV. 
Nous constatons i’existence d'un maximum 
vers 7,7 eV analogue a celui trouve par 
Huebner[2] mais aucun pic de reflexion 
n’apparait au voisinage de 16eV alors que la 
courbe de Walkerll] y montre un maximum 
important. Le meme phenomene avail deja 
ete signale pour 1 etain et le bismuth. On 



J C I FMONNIER e! af 


If4S 



0 10 20 30 40 50 60 


eV 

Ilf: I. Pouvoit fcrtccfcur cn lumietc n;(MircllL* (I'lino 
coikIil- iridiiiiTi Jepaissciir 2000 A pour Ics incidences 



eV 


I 2 I’.irlie leelle U,) el peUlic Lnia^in.iiie (tO dc U 
conslanlc dielcelnqiic 



«V 


I 3. l-'oncoons -Inu ‘el -Iit)I 1/(I * f)) 



•V 


Fiy 4 ('oetticienl d’absorption (* ' (47 tW\). 



oV 


V\^ 5 cn fonction dcs energies. 

peul penscr que cc maximum de reflexion 
sitiie dans line bandc de transmission est 
plutot dfj a un phenomene d’interferences. 
On note deux maxima a vers 1 8,4 el 2 1 ,4 eV 
et un plus larycau voisinage de 54 eV. 

Nous avons represente sur la Fig. 2 les 
parlies reelle e, el imaginaire de la con- 
slante dielectrique, sur la Fig, 3 les fonctions 
-lm(e“*) et -Im(l/(l+e)) et sur la Fig. 4 
le coefficient d'absorption a—(4'rTkl\). 
L’indium solide possede trois electrons de 
conduction par atome; 2 electrons 5s et un 
electron 5p. En outre dans I atome d’indium 
les niveaux 5s et 5p sont separes des niveaux 
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par une energie de Pordre de 16eV[8]. 
On pent done prevoir I’existence de tran- 
sitions interbandes au voisinage de cette 
energie. L’allure des courbes et a vers 
16eV montre effectivement Texistence de 
transitions interbandes correspondant aux 
niveaux /Viv.v situes respectivement a 16,3 
et 15,6 eV 1 8]. D'autre part entre l6et23eV, 
la contribution des electrons libres doit 
etre nolle (leur longueur d’onde de coupure 
est 1065 A); on peut done penser que, pour 
cet intervalle d energie, €> decrit Texcitation 
des dectrons Ad vers la bande de conduction 
ct represente alors la courbe de la densite 
d'dats N{E) pour celle-ci, la bande 4t/dant 
consideree comme plate. En eifet, la con- 
tribution a e, pour cc groupe de transitions 
interbandes peut s’ecrire[9] 

£,( 0 )) = ^^N{E)f,,{k) 

moj //.rv / 

ou 

ISJ(E)==:- ( 

y],, grad,(/v(A')-£j(A)) 

(V : volume de la zone de Brillouin) 

est la densite des etats combines des bandes 
( el si on considere que les elements de 
inatricc //.,.( A) sont constants dans la zone de 
Brillouin. Nous pouvons done comparer les 
mesures de N{li) de Koyama[10J a la courbe 
€..(w) L'allure dcs deux courbes est la meme. 
cc qui vienl confirmer les approximations 


ci-dessus. La bande de conduction de I’indium 
comporte deux maxima de densite detats 
separes de 3,4 eV environ. La distance entre 
le bas de la bande et le niveau de Fermi 
serait alors d’environ 7,7 eV pour Tindium. 
Gaspari et Das[llJ ont trouve le niveau de 
Fermi a 8,3 eV au-dessus du bas de la bande 
situee a Fj. L’allure des courbes ej, et 
- Im(e^ indique Fexistence d'une oscillation 
de plasma a 1 1,6 eV; la frequence theorique 
calculee en considerant que I’indium possede 
Irois electrons libres est 12,6 eV. Nous 
pouvons egalement comparer nos resultal.s 
aux autres mesures optiques ainsi qu’aux 
pertes caracteristiques d’energie (Tableau 1). 

La position du pic principal situe vers 1 1,5 
eV et correspondant au plasma de volume 
varie quelque peu suivant les auteurs et les 
methodes mais il faut remarquer que la valeur 
trouvee est toujours inferieure a la valeur 
theorique 1 2,6 eV. Les ecarts enregistres 
doivent etre attribues sans doute aux con- 
ditions experimentales et aux etats de surface 
des differents echantillons. La fonction 
-Im(l/(1T6)) presente un maximum vers 
7,7 eV correspondant au plasma de surface, 
la valeur theorique etant de 8,9 eV. Cet 
ecart est du au fait que la couche etudiee 
ne doit pas etre toialement libre d’oxyde, et 
qu’il existe une transition interbande a 
proximite vers 6eV[12, 13]. 

La Fig. 5 montre le nombre d electrons 
participant aux transitions electroniques 


Tableau I. RAsultats ohtenus par differents auteurs entre 4 et 63 eV: rfiaxima des fonctions 
-I m ( e ‘ ) ohtenues a partir des mesures optiques et uiaxima des pertes d'enerj^ie caracteristiques 

Mesures optiques ~lm(6 M Pertes d'energie caruclensliques 

(eV) leV) 


Nos mesures 

Hunter 

Huebner 

i:] 

Robins 

fl(>l 

Hcnckoff 

[15] 

Klt'tnn 

[1.5] 

Bdlahanova 

[M] 

(iauthc 

|i:] 

6.2 

7,4 


8,7 

8,7 


5.9 


5.7 

11,7 

1 1.5 

lO.K 

11.3 

11,8 

12,2 

12.1 



18 

21,4 22.1 24 20.5 

50 
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entre 0,1 el 63 eV et determine a partir de la 
regie de sommation 

, irNe'^ 

J(, 2m€o 

Fntre 0,1 et 2,3 eV nous avons utilise les 
valctirs de €, ealculees a I'aide des constantes 
optiqucs determinees par Golovashkinll?]. 
Nous observons d'abord une brusque aug- 
mentation de due a rcxeitation des 
electrons libres puis apres line variation plus 
lenlc arrive a la valeur vers 2 1 eV. La 
transition interhandc situee an voisinage de 
cette energie provoque un brusque change- 
ment de penle. Ensuitc, continue a croitre 
pour atleindre la valeur 8 vers 60 cV. 

BIBia()(;RAPHlE 

1 WAI kl:K w ( , RUSH.! O P cl WtUSSl PR 

Ci 1 , .J opt SiH ( 1 ^ 5 ^) 

2 MUPBNPR R H, ARAKAWA h T, HAMM 
R N et MAC' RAF R A,. Opliciil ( onslimts ot' 
Fvaporuted McPil t ilms of Silvci iind Indium, 
() R N P 7M, 1 I04(l^f>5) 

^ HUNllRW R ,./ /Vn\ 25, I54(1<;M1, 


4. HUNTER W.R.,y TMx 25, 148 (J964). 

5. LE C ALVEZ Y., STEPHAN G. et ROBIN Mmc S., 
OptiaiAcia 15, 583 (1968). 

6. STEPHAN G.. LEMONNIER J. C. et ROBIN 
Mme S.,7 opP.Vac ./tm. 57,486 (1967), 

1. MORJ.AIS M et ROBIN S., Cr hebd Skmv. 
Auid.Svi, Tam 259, 1489(1%4). 

8. SANDSTROEM A. E.,HrW/7 T/m. 30, 226 (1957). 

9. PHtPlJPS J. C , Soiid Suite Physics (Edite par 
F. Seitz et D Turnbull), Vol. 18, p. 55. Wjley, New 
York (1966), 

10 KOY AMA R., SPICER W. E., ASHCROFT N. W. 
et LAURENCE W, E., Phys. Rev, Lett. 19. 1284 
0967). 

1 1 G ASPARl G. D. et DAS T P., Phvs. Rev. 167, 660 
(1968). 

12. GAUTHEB ,T/iv,v.Ter, 114, (265(1959). 

13. KLEINN ^.,Oruk 11,226(1954). 

14 BALABANOVA I.. A, BREDOV M. M. et 
KOTOV B. Soviet Phss. solid 

15 HERICKOFF R. J , ARAKAWA E 1 el BIRK- 
HOPP R. Dm C hamcieiistjc energy loss studies of 
elcciron-bombardcd Al, Cd. In. Mg and Zn foils 
With vacuum ultra vi old speciro.scopy. O.R.N.L. 
TM0U)7(]965) 

16 ROBINS J L., Unpublished Ph.D. Dissertation. 
University of Western Australia. Ncdlands, Western 
Australia (1961). 

17 (iOPOVASHKIN A I., LEVCHENKO 1. S,, 
MOILitEVK'H G P el SHUBIN A A . Soviet 
P/IYS .JLJP 24. 11)93(1967) 



J. Phvi. Chem. Solids Pergamon Press 1969. Vol. 30, pp. 1 1 l-1 160. Printed in Great Britain 
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Abstract-The electrical conductivity and the Seebeck cpcfficiert of/;-type CoO doped with Li have 
been measured on ceramic samples in the temperature region I^O'^-HOO^K. It is concluded that the 
large temperature-dependence of the conductivity is almost completely determined by the change in 
the charge-carrier concentration. In order to calculate from the measurements the drift mobility 
as a function of temperature two extreme cases for the temperature dependence of the density of 
slates N, arc assumed, viz. N,, is constant and A/,, proportional to 7'*^^ In the discussion the results of 
Hall-effect measurements are also considered. 


INTRODUCTION 

PoLYCRYSTAi.LiNE p-type CoO doped with 
Lt was first investigated by Verwey el al\\]. 
The resistivity (p) was found to vary exponen- 
tially with temperature: p - po exp QlkT. De- 
pending on the Li concentration the value of 
the activation energy (Q) varied from 0-4 
to 0*6 eV. The activation energy was thought 
to be due to ionization of the Li^-Co’^' ac- 
ceptors. It was assumed that free holes could 
move through the lattice by an unhampered 
interchange of electrons between Co*^^ ions 
and Co^^ ions. The same model had also 
been used for the electrical conduction in non 
stoichiometric or Li-doped NiOf2, 3]. 

From similar measurements for Li-doped 
C'oO Heikes el al.\4] suggested that the tem- 
perature dependence of p is entirely due to the 
mobility (jij,), which should then increase 
exponentially with temperature. They con- 
sidered the conduction mechanism to be a 
thermally activated diffusion process (hopping 
model). The activation energy for this diffusion 
process was assumed to arise from the trap- 
ping of holes by lattice polarization induced 
by the holes themselves. 

The conception of a mobility exponentially 
increasing with temperature was first intro- 
duced by Morin [5] in his interpretation of p 
and Seebeck-effect measurements for the 
case of Ti-doped tt-FeaOy and Li-doped NiO. 


He assumed the density of states (N,.) for 
the transport level to be temperature-indepen- 
dent and to be equal to the number of ionic 
sites/cm’^ The transport term (A) occurring in 
the expression for the Seebeck coefficient 
{a) was assumed to be zero. In later years 
different authors [6-8] arrived at the same 
conclusion from data for p and ct viz. that 
electrical conduction in NiO indeed has to be 
regarded as a thermally aelivaled hopping 
process. However, recent investigations by 
Ksendzow et ai[% Zhuse el ^i/.[10J, Bosman 
et «/.[!!] and Austin et al.[\2\ have led to 
the conclusion that there is no coercive reason 
to introduce the hopping model in the case of 
NiO. 

From recent data for p and the Hall coeffi- 
cient {Rff) for non stoichiometric or Li-doped 
CoO it was found by Zhuse et 6//.[13]. Austin 
et «/.[12] and Van Daal el al,[\4] that the 
Hall mobility (p») is almost temperature- 
independent. The temperature region con- 
sidered extended from 200"’ to 1500'’K[I4]. 
This result was considered to be in conflict 
with the hopping model. Fisher et «/.[15], 
however, concluded from resistivity and 
gravimetric measurements that docs 
increase exponentially with temperature 
between 1200“-1600'’K, with an activation 
energy ofO SeV. Their results for a\[5, 16] 
were also interpreted in terms of the hopping 
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model. Kurihermore these authors arrived at 
the conclusion that in the temperature region 
undci consideration electrons may already 
contribute to electrical conduction. Shelyck 
et cil\\7\. from data for p and a obtained on 
single crystals between 900“- LSOO^'K, arrive at 
a different conclusion. In their opinion the 
behaviour of p is governed mainly by the 
charge carrier concentration (p) and not by 
the drift mobility. 

The electrical properties of CoO below 
room temperature have scarcely been in- 
vestigated. Bruck ci (i(.\\^\ and Austin ct al. 
1121 have measured a down to low temper- 
atures for the case of non stoichiometric 
poly crystalline material and Li-doped single 
crystals, respectively. Their results are not 
well understood and definite conclusions 
cannot be drawn. 

In this paper data will be given for p and a 
between l45°-l3()ifK obtained on Li-doped 
ceramic CoO. From these data has been 
calculated as a function of temperature. In 
the discussion the results of Hall-eftcct 
measurements ( I4| are also considered. 

KXrKRIMKNTAI. 

la-doped C oO was prepared by heating an 
intimate mixture of LiXO^ and very pure 
( o() at 8(K)T for some hours in nitrogen 
containing aN)Ut lOOppm of oxygen. C'oO 
was made by decomposition of ( oCOj. The 
latter material was manufactured starting 
from very pure C'ofgradc: Johnson-Matthey). 
After milling the sintered la-doped CoO 
powder it was pressed into disks and bars, 
finally the samples were, packed in platinum, 
fired al 130()°(' for 24 hr in nitrogen containing 
10 ppm of oxygen. This oxygen pressure was 
maintained during cooling in the furnace to 
prevent the formation of ('0:^0^ al the grain 
boundaries. The density of the samples was 
about 93 per cent of the ideal value. 

The d.c. resistivity was measured on bars 
as well as on disks. In both cases four elec- 
trodes were used for the measurements. 
Below room temperature, in a limited temper- 


ature range, a.c. resistivity measurements 
were also performed. This limitation in tem- 
perature is a consequence of the restricted 
frequency interval available (1 00Hz-2MFIz). 
Moreover, at low temperatures the occurrence 
of dipole losses[19] gives an extra limitation. 
The a.c. measurements are meant to verify 
whether the measured values of the resis- 
tivity indeed represent the resistivity of the 
bulk. 7'he d.c. measurements of p at high 
temperatures were performed in nitrogen 
containing 10 ppm of oxygen. 

The Seebeck effect below room temperature 
was determined by measuring the voltage and 
temperature of two copper blocks between 
which the sample (bar) was mounted, using 
In-Hg as contact material. For the high tem- 
perature measurements of a two methods 
were used. In one method cylindrical samples 
were clamped between hollow platinum blocs 
of which the voltage and temperature were 
measured. Only the plane ends of the bars 
made electrical contact with the platinum 
blocs. In the other method the voltage and 
temperature were measured with thin thermo- 
couples which were mounted in narrow and 
deep holes in the bar. For electrical contacts 
painted Pi contacts (Degussa) were used. 
The high temperature measurements of a 
were also performed in nitrogen containing 
10 ppm of oxygen. 

KE.Sri.T.S 

In Fig. I values of p obtained from d.c. 
measurements on CoO with Li dopes varying 
between O-OOb at.% and 9-0 at.% are presented 
as a function of MI. Results of a.c. measure- 
incnls are also given. Al room temperature 
d.c. and a.c. values of p are practically the 
same. At lower temperatures, however, a.c. 
values are somewhat lower. The activation 
energies derived from a.c. data are .some 
hundredths of an e V lower than those obtained 
from d.c. measurements. 

For the weakly doped samples the decrease 
of p with increasing T above 80(TK is due to 
the presence of Co vacancies (K(o). In the 
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Fig 1. Resistivity p as a function of reciprocal temper- 
ature for /?-type Li-doped ceramic CoO. 0,n- from d.c. 
measurements, T: from a.c. measurements. 


preparation of the samples these kco’s had 
been frozen in during cooling. According to 
Fisher et a/.[l5) the concentration of Vco's: 

at 1300®C and a partial oxygen pressure 
of 10 ® atm., as derived from gravimetric 
measurements, amounts to 0^07 at.%. This 
is in agreement with our p data (Fig. I). The 
conductivity at I200®K of the weakly doped 
samples corresponds with the conductivity 
of a sample doped with about 0*1 at,% LL 
(see also Fig. 4). 

In Fig. 2 experimental values for a have 
been plotted as a function of T for CoO con- 
taining 0*08 at.% Li. The temperature range 
considered extends from 145® to 1300‘^K. The 
inset of Fig. 2 shows the high-temperature 
data on a larger scale. Here also results for 
CoO containing 0-006 at.% Li are shown. 

In the case of NiO a maximum was found 
for a at low temperatures [9, 1 1]. This has 
been attributed to the occurrence of impurity 
conduction. For the case of CoO no such 
behaviour of a is found in the temperature 
range considered. Even at the lowest temper- 
ature a increases with decreasing temperature. 

The decrease of a above 800®K is due to the 
increase in free charge carrier concentration 



Fig. 2. Seebeck coefficient a as a function of temperature for 
CoO containing 0 08 at.% Li. (0,6.9). shows the 

high temperature measurements on a larger scale. Here also 
the measurements on CoO containing 0 006 at.% Li (6) are 
presented. 
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originating from the l^co acceptors. For the 
low-doped samples this drop in « is quite 
pronounced. Above llOO^’K a increases again 
with T. Recently this behaviour of a was also 
found by other investigators [16J. Li-doped 
NiO had already been found to show an 
increase of a at high temperatures [ 1 1 ]. 

Figure 3 illustrates the marked influence of 
oxidation of the material on the behaviour of 
(X at low temperatures. C'urve 1 was obtained 



i Jg Sccheck coctjicicnl a as a function of reciprocal 
lenipciature foi ( oO containing abonl 0 I at l.i In 
this f igure the influence of oxidation is demonstrated 
( urve I original sample, curve 2 aflei healing at SOOT 
in ()., curve 3 after a second heat treatment, but now at 
KIOOT in /V, containing 10 ‘atm 0.. 

on a sample prepared as described above. 
After the sample has been healed in oxygen 
at 8(K)°(' for I hr the behaviour of a changes 
completely (curve 2). Phis change may he 
ascribed to the presence of small amounts of 
Co/), formed during the heat treatment. 
Finally curve 3 was obtained by heating the 


sample again, but now at 1000°C in nitrogen 
containing 10“'* atm. oxygen. After this heat 
treatment the sample was quenched in the 
same gas atmosphere. Curve 3 and curve 1 
practically coincide. It was furthermore found 
that below room temperature p was not in- 
fluenced by the heal treatment in oxygen at 
800T. 

The results for a completely disagree with 
those given by Bruck ct ^^/.fl8J and Austin 
ct al\]2]. Oxidation might have influenced 
their results which show large resemblance 
to curve 2 in Fig. 3. In the case of Bruck et at, 
for example the samples were quenched from 
high temperatures in air. 

DISCUSSION 

(A) Resistivity 

As can be seen in Fig. I , in the case of CoO 
doped with 1 j, p depends markedly on T and 
I Li]. Below room temperature logp is a linear 
function of \IT. The values for the activation 
energy (O vary between 0’43-0-29eV. As 
already mentioned, Q values obtained from 
a.c. data of p are some hundredths of an eV 
less. For most of the samples especially those 
with a high (Lil, the temperature dependence 
of p suddenly changes at room temperature. 
1 his change may be connected with the anti- 
ferromagnetic order of CoO below 29(LK. 
Above about 500°K the temperature depen- 
dence gradually decreases, pointing to 
exhaustion of the Li^-Co*^^ acceptors. 

At high temperatures p decreases linearly 
with [Li] (see Fig. 4) except for the low-doped 
samples where conduction due to Lc/s dom- 
inates. It may be assumed that at 1200°K 
practically all Li^-CV^ acceptors are ionized, 
the more so as the value of the density of 
slates (/V,.) is relatively large (see Section 
(/?)). As will be shown, the concentration of 
compensating donors is small compared to 
[la] so that in the exhaustion region the num- 
ber of free holes p approximately equals the Li 
concentration. It follows then that jUf) = 0*25 
cm-/Vsecat 1200°K. Since p 4 (Li) the value 
calculated for is a lower limit. This value of 
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I'lg 4. Resisttvity p of CoO doped with Li at 800° and 
I20()'K as a function of the Li concentration. At low 
I ! \\ conduction due to ( o vacancies dominates, 


ion from the low-spin slate in the high-spin 
state, which is necessary for electron transfer 
between the high-spin ion and a neigh- 
bouring high-spin Co^^ ion. When freed from 
the Li"^ ion, however, the hole corresponds to 
a Co'*"^ ion in the high-spin state (see Section 
(D). The energy Q' may therefore be ex- 
pected to enter into the total ionization energy 
Q. This may be one of the reasons why the 
energy Q for highly doped samples remains so 
large. Still another reason might be found in 
the formation of new centers consisting of 
neighbouring Li^ ions to which a hole is 
stronger bound than to a single Li ^ ion. 

In order to calculate from the p data the 
behaviour of the mobility ixp as a function of 
temperature (see Section (O) the results of 
the Seebeck effect measurements were used. 
In the next section (B) these Seebeck effect 
measurements will be discussed. 


P/, agrees well with those obtained from 
measurements of p and gravimetric measure- 
ments on non-stoichiomelric polycrystalline 
material (p/j = 04 cm^Vsec at 1620''K)[15] 
and on non-sioichiometrie single crystals 
(p/,-0-30cm'/Vsecat LWK)[17]. 

'[’he value for Q below reaches a lower 
limit of about 0-29 eV for large values of [Li]. 
I his value is considerably larger than that for 
the case of Li-doped NiO, where this limiting 
value is about 0-15eV[4, 6|. The fact that Q 
does not go to zero for highly doped samples 
has been used as an argument in favour of 
the hopping model |4|, because in the absence 
of a thermally activated mobility one would 
expect Q to go to zero for large values of Li 
if the ionization energy of the acceptors is 
determined by Coulomb forces. Dielectric 
loss measurements performed on low-doped 
samples [ 1 9J however, suggest that a hole 
bound to a Li ^ ion corresponds to a Co*^^ ion 
in the low-spin slate. Movement of the hole 
around the Li^ ion proved to be a thermally 
activated hopping process with an activation 
energy ((}') of 0*20 eV. It was supposed that 
this energy was necessary to bring the 


(B) Seebeck effect 

If electrical conduction can be ascribed to 
one kind of charge carriers, viz. free holes, the 
Seebeck coefficient can be written as [20] 



Here Ey is the energy distance of the Fermi 
level above the transport level,/! is the energy 
transport term, N, is the effective density of 
slates at the transport level and p is the 
number of free holes. Ef. can be written as 
(see equation (D); 


Ey^^eaT-AkT ( 2 ) 

In Fig. 5 we have plotted Ey as a function of 
T for two values of A for the sample con- 
taining 0*08 at.% Li (see Fig. 2). At low tem- 
peratures Ef. decreases with temperature. 
This is to be expected for a partially compen- 
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Kig, 5 The fermi level as a function of temperature of 
( oO conlaining 0-08 al % l.i, calculated from the Seebeck 
coefficient o (see Eig 2) using the equation L\ = val ~ 
AU' 

sated semiconductor, because in that case[21] 
it> '< N„ 

L, E kT (3) 

where is the energy level of the acceptors 
with respect to the transport level, and N,t 
and /V/> are the respective concentrations of 
acceptors and donors. It is assumed that the 
impurity degeneracy is equal to unity. It 
can be calculated from Kig. 5 that NplN ^ is 
0'27 and 0*05 for A is 0 and 2 respectively. 

For the sample under consideration it was 
not possible to detennine the degree of com- 
pensation N(JN\ by chemical analysis, be- 
cause due to oxidation of the material the 
was larger than the ILi^J. If only Li 
acceptors and a certain amount of donors 
are present the should be smaller than 

the [laM- From dielectric loss measurements 
1 1 9|, however, it has been found that for small 
[Li^l, viz. smaller than 0 01 at.%, the amount 
of donors was about 0*004 at.%. If this amount 
of donors is also present in the sample under 
consideration the degree of compensation is 
0*05, leading to a value for /I of about 2. 

Extrapolation of to f = 0 gives £ , = 
0*38 'eV (see equation (3)1. This value found 
for £.1 practically equals the value of 0*40 eV 
for Q following from p data below 7 V This 


implies that below Tx /!/> is hardly temper- 
ature-dependent. The temperature dependence 
of p is practically completely determined by 
the variation in the number of free holes p, 
which, for a partially compensated semicon- 
ductor, depends on temperature as 


p = /V,~rj — exp 

/Vw 



(4) 


as long as p Nj), viz. in the low temperature 
region. 

As can be seen in Fig. 5, equation (3) holds 
up to about 500°K. Above this temperature p 
is certainly no longer negligible compared to 
N/;. There, the behaviour of Ef. and p ‘ds 'd 
function of T is approximately the same as 
that of an uncompensated semiconductor. 
From Fig. I it can be seen that above 500°K 
the temperature dependence of p indeed 
significantly decreases. 

At 7\, p shows a change of slope whereas 
u exhibits no change of temperature depen- 
dence. In the low temperature region (below 
500°K) is independent of /V,, (see equation 
(.3)). It follows then (see equation (1)) that a 
sudden change of A/,, at T,v will not be reflected 
in a. In the same temperature region p on the 
contrary is proportional to Nv (see equation 
(4)) and an increase of /V,, will be reflected as 
an extra decrease of p. The fact that around 
Tx the Hal! coefficient Rf^ has the same 
temperature dependence as p[141, also may 
be an indication that the behaviour of p 
around is connected with the charge 
carrier concentration p. 

The quantity (see equation (I)) can 
be calculated from the data for a if p is known. 
For this low-doped sample (0*08 at.% Li) 
the concentration p can be obtained at 1200®K 
from the corresponding value of p and the 
value of 0*25 cmVVsec for pu. It is then found 
that ~ 0*4 /V, where N is the number of 
Co ions/cml Because A should be equal or 
greater than zero this means that at 1200°K 
A/,, ^0-4 A, i.e. Nt, is significantly smaller 
than the maximum value N. This phenomenon 
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had also been found for NiO[n]. It is thus 
very likely that N^, will increase with temper- 
ature which will lead to an increase of a with 
temperature at high temperatures. This has 
indeed been found (see Fig. 2). 

{ C ) Temperature dependence of 

From the data for p and a, as a function 
of T can be calculated, if the temperature 
dependences of and >4 are known. Unfor- 
tunately this is not the case. There are indic- 
ations that N,. increases with temperature, 
but the exact dependence cannot be obtained 
from the data for a at high temperatures. 
In what follows two extreme cases will be 
considered, viz. /V^ =- constant and /V„ ~ 'P- 
as for a broad-band semiconductor. For both 
cases the term A will be assumed to be con- 
stant with respect to temperature. 

In Fig. 6 we have plotted a/2*3/:/c = log 
A/,.rVp vs. logp = log 1/p e/jLi) for the sample 
containing 0*08 at.% Li (see Figs. I, 2). If the 
quantity is temperature independent 

a straight line with slope 1 has to be expected. 
It can be seen that in the whole temperature 
region (145°-12(X)°K) practically a straight 
line with slope 1 is found. The variation of 



Fig- 6. Qf/2 'I kle vs. log p for the sample containing 

0 08% Li (see Figs. 1 and 2), The straight line has slope 

1 and was drawn through the point obtained at I200®K. 


N^e^lp is only a factor of 5 smaller than the 
variation of p = llpepo^ which changes by 
a factor of 10^^, This implies that the quan- 
tity N^^e^fXn increases with temperature in 
the temperature region under consideration 
only byafactor of 5, 

The straight line in Fig. 6 is a line with slope 
I drawn through the point corresponding to 
7 = 1200''K. At this temperature /i./, = 0-25 
cm^/Vsec. Assuming NyC''^ to be constant 
with respect to temperature the relative 
increase of logp compared with a/2-3A/e 
gives directly the decrease of fip compared 
with the value of fip at 12(X)‘'K. In Fig. 7 
obtained in this way is given as a function of 
l/7(curve 1). Assuming curve 2 

is obtained. This curve has been calculated 



Fig. 7. Drift mobility and Flail mobility fjL„ of CoO 
containing 0 08 at.% Li as a function of reciprocal tem- 
perature Curves 1 and 2 are calculated from conductivity 
and Seebeck-effect measurements using Ni, = constant 
and A/,. - 7“*^^ respectively. 

by multiplying the values of curve 1 by the 
factor (1200°K/7)-‘^^. We have also plotted the 
Hall mobility measured on a sample also 
containing about 0*08 at.% Li. 

At 1200°K fiH is almost a factor of 4 lower 
than fio> This difference had already been 
mentioned earlier[14, 17]. It cannot be due 
to a contribution of electrons having a higher 
mobility than the holes, since the value for 
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jU// at 12(X)°K and even at 1500''K remains 
constant if the number of free holes p is en- 
larged by a factor of ten|l4J. Depending on 
the assumptions, as far as the behaviour of 
N, is concerned, the difference between pLjt 
and fii) increases (curve 2) or decreases (curve 
1) with decreasing T, Below 500°K pd of 
curve 1 and practically coincide. The 
decrease of Pfi as well as (curve I ) below 
room temperature is most probably only 
apparent because the p,l ^. values are some- 
what too large, as shown by the a.c. measure- 
ments. Above 5(X)^K ixji decreases slightly 
with tempeiature, while on the contrary 
increases. Vox curve Ipi, decreases with 
temperature in the whole region. The slight 
increase of /x;, just above which can be 
seen in curve I as well as in curve 2, may also 
be only apparent, Neglect of possible details 
in the behaviour of N,, and A around 7“v can 
easily lead to erroneous values of pj). 

1'hc absence of an activation energy in the 
mobility is an indication that a hole when freed 
from a Li‘ ion corresponds to a Co’^' ion in 
the high-spin stale. In that case electron 
transfer helwoen neighbouring (’o'‘^ and 
ions can easily take place (one electron 
process) I or the case that Co‘** is in the 
low-spin state, electron transfer between 
neighbouring and C o“’ ions will be 

severely hampered because it is then a many 
electron process (see Section (/I)). 

At this moment we have no further indic- 
ations as to which assumption for the be- 
haviour of Nr is most appropriate. Values for 
pi, us calculated for constant N, (curve 1) 
are fairly well in agreement with those for p^, 
but as long as the difference between p^ and 
p„ at high temperatures cannot be explained 
the agreement at lower temperatures could be 
accidental. Only from direct measurements of 
Pp can it be decided which of the two curves 
agrees most with reality. 

In Fig. 7 we have also presented the results 
for pi, obtained by Fisher et a/.[15J (F) and 
vShelyck et al.lll] (S). The results of Shelyck 
et al. were also obtained from p and a data 


assuming N,. - The temperature depen- 
dence of pi) as found by Shelyck et ai. closely 
resembles that of curve 2. The results of 
Fisher ei ai were obtained from resistivity 
and gravimetric measurements. It was as- 
sumed that at ail temperatures the bulk was 
in equilibrium with the gas atmosphere and 
that the Fco's are completely (singly) ionized. 
Their results agree most with curve I, al- 
though the temperature dependence they 
found is significantly greater. However, if 
we combine their p and a data different 
results are obtained. Assuming N,. and A to 
be constant, p^ then even decreases with 
increasing 7 '^, in contradistinction to curve 1, 
indicating that their experimental results do 
not agree with ours. 

The analysis given in this section was 
restricted to low-doped samples, because we 
are primarily interested in the electrical con- 
duction mechanism in pure CoO. Results for 
Pi, and pu obtained from and Rff measure- 
ments performed on highly doped samples 
(2 7 at.% Li) show some differences compared 
with those given in Fig. 7. Except at high 
temperatures pn and p^} are somewhat lower 
than for the lightly doped samples. Around 
Tv (250°-370''K) pn increases with temper- 
ature from 0'025 cm^/Vsec to 0-06cm^/Vsec. 
The sudden increase of conductivity above 
T\ for this dope concentration is thus partly 
attributable to the mobility. Below room tem- 
perature a increases with decreasing temper- 
ature. Down to 140°K no maximum has been 
found. The temperature dependence of a is 
somewhat smaller than that of log p. If indeed 
only one type of charge carrier contributes 
to electrical conduction, a difference in 
activation energy in a and p of 0*05 eV is 
found. 

(D) Small polamn model 

According to Holstein [22] electrical con- 

='At />(()p= I atm. a decrease> exponentially wah 
temperature (()u= 0-54 eV). Under the same circum- 
stances (tT increases exponentially with temperature 
with an activation energy of 0-58 eV. indicating that cr 
only increases wjlh an activation eneigy ofO'46eV. 
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duction for a small polaron semiconductor, 
having a strong coupling between charge 
carriers and lattice, is a thermally activated 
hopping process above ^ hcjjlk (oj,, = 
longitudinal optical mode frequency). 

Below Tc electrical conduction is charac- 
terized by a narrow polaron band. In the 
hopping regime, fiD increases exponentially 
with temperature. In the polaron band regime 
fXf) decreases almost exponentially with 
temperature. The Hall mobility for a three 
site configuration above as calculated 
by Friedman and Holstein [23], also increases 
exponentially with temperature, albeit with 
a smaller activation energy, and is much larger 
than the drift mobility For a four site 
configuration, the Hall constant should 
be normal, implying that equals fXo at 
ail temperatures. 

According lo Firsov[24] and Lang et al. 
(251 the transition temperature is much 
lower than the value calculated by Holstein 
and is given by 7^ = fioiJlklnSr. where Sj 
is a parameter characterizing the electron 
phonon interaction. The behaviour of in 
the hopping regime as found by Holstein 
was confirmed by these authors. 

The behaviour of /x;/ is still a contro- 
versial question. Schnakenberg[26] has 
calculated that is almost temperature 
independent in the hopping regime, whereas 
Firsov (241 asserts that ijl„ decreases ex- 
perimentially with temperature in the hopping 
regime. Very recently Holstein and Friedman 
1271, also starting with Kubo’s conductivity 
formula and restricting the calculations to 
the three site configuration, confirmed their 
earlier obtained results. As far as the magni- 
tude of /X;; is concerned, it was found by all 
authors that for a three site configuration 
the Hall mobility is considerably larger than 
the drift mobility. 

If CoO would be a small polaron semi- 
conductor with a strong coupling constant 
the transition temperature Tf, can be expected 
lo be 450°K128] or lower. The drift mobility 
ixj), calculated for the case that /V,, is constant 


(curve I, Fig. 7), indeed increases with 
temperature above 500°K, pointing lo small 
polaron conduction with a coupling constant 
y 5. This result, however, strongly depends 
on the assumption is constant. The a 
data at high temperatures suggest that this 
assumption is not correct. Moreover, the most 
probable value for the transport term A was 
found to be 2, indicating that the charge 
carriers transport kinetic energy. These two 
facts militates against the small polaron model 
for the case of CoO. Also the behaviour of the 
Hall mobility seems not to be in favour of the 
small polaron model. 

Recently it was concluded by Austin et al. 
[29] from near and far infrared absorption 
measurements that the charge carriers 
in CoO are small radius polarons, some of the 
carriers being bound to impurities. These 
measurements on CoO were performed at 
290°K. In our opinion there is no doubt that 
at this temperature the number of free charge 
carriers is negligible compared with the 
number of bound charge carriers. The ab- 
sorption found experimentally therefore 
cannot be due to free carriers. These results 
thus cannot be used lo support the assump- 
tion that free charge carriers in CoO are 
small polarons. 

CONCLUSION 

It is concluded that the large temperature 
dependence of the conductivity is due to 
variation of the charge carrier concentra- 
tion. The ionization energy of the Li^-Co'^^ 
acceptor is about 0*43 eV for lightly doped 
material. With increasing Li concentration it 
decreases and reaches a lower limit of about 
0-29 eV. This relatively high value is ex- 
plained by assuming that a Co‘^ ion neigh- 
bouring a Li^ ion is in the low-spin slate, 
whereas Co^"^ in the pure lattice is in the 
high-spin state. 'I'his assumption is based on 
the differences in behaviour of a moving hole 
when bound to a Li^ ion (dielectric loss 
measurements) or freed from the Li* ion 
(conductivity measurements). 
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The temperature variation of the drift 
mobility between 145°-I200°K is almost 
negligible compared with the variation of the 
number of free holes. The value of ftp at 
I200°K is 0‘25cmVVsec. Below I200°K 
for iV,. ~ and A is constant, fjip cal- 
culated from p and a data decreases with 
increasing temperature, whereas for /V,, is 
constant and A is constant, pip increases 
significantly with temperatures only above 
500°K. 

It is concluded that the experimental results 
throw serious doubts on the applicability of 
the small polaron theory for the case of CoO. 
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Abstract-The thermodynamics of low -temperature eleclrocaloric phenomena in alkali halides doped 
with polar impurities is developed, making use of the models for the tunneling splitting, dielectric 
saturation, and dipole correlations that pertain to KCLOH. The thermodynamic theory is in good 
quantitative agreement with published data on the specific heat, adiabatic-depolarization temperature 
changes, and eleclrocaloric coefficient for KCLOH, using a dipole moment of about 3-7 dcbye (D). 
The calculated hydroxyl concentrations, however, are consistently somewhat larger than the experi- 
mental concentrations. 

The observed concentration dependences of the final depolarization temperature and of the clec' 
trocaloric coefficient are explained quantitatively as arising from the dipole-dipole interactions 
contribution to the specific heal. The lowest temperature achievable in KCLOH by the process of 


adiabatic depolarization is estimated to be 0*205'’l 
starting from an initial temperature of 1 '27'*K. 

1. INTRODUCTION 

The suggestion that low-temperature 
paraclectric materials might be useful for 
refrigeration by the process of adiabatic 
depolarization appears to have been first 
made by Granicher[lj, in relation to the low- 
temperature ferroelectric SrTiOa. This 
process is the dielectric analog of the well- 
known process of magnetic cooling [2]. 
Subsequently, Hegenbarth [3] investigated 
the low-temperature electrocaloric properties 
of SrTiO;i and (Ba, Sr)TiO;j crystals, and 
found that the magnitude of the eleclrocaloric 
coefficient dropped off rapidly for these 
materials below about 17°K. 

Recently, the discovery of low-temperature 
pareJectric behavior in certain hydroxyl- 
doped alkali halides, such as KCl:OH, has 
revitalized interest in paraelectric cooling, 
particularly because the temperature range 
where paraelectric properties are manifested 
can be controlled by the hydroxyl concen- 
tration [41. In fact, parelectric heating and 
cooling in the He temperature range have 
been observed in KQ:OH[4-7]. 


. (consistent with a tunneling splitting of O'30'’K), 

The purpose of this paper is to develop 
the model thermodynamics of eleclrocaloric 
effects in doped salts, such as KCI:OH, in 
such a way as to include the limitations due 
to dielectric saturation, dipole-dipoJe inter- 
actions, and the zero-field splitting, and to 
make comparisons with experimental data. 
As will be seen below, the simple thermo- 
dynamic theory is in good quantitative 
agreement with the published eleclrocaloric 
data, so that certain predictions can be made 
from the theory for optimizing the paraelectric 
cooling in these materials. 

We will first develop the general equili- 
brium thermodynamics for T and E indepen- 
dent (where E will always be the external 
applied field), and then the various models 
of the properties of OH~ dipoles in KCI 
will be reviewed (e.g. the dipole-dipole 
interactions, the ground-state splitting) and 
the corresponding thermodynamic quantities 
derived. The resulting model thermodynamics 
will then be compared to experimental data 
on the specific heat, adiabatic-depolarization 
temperature changes, and the eleclrocaloric 

if>i 
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coefficient for KCl:OH. The c.g.s.-e.s.u. Equation (2) is now integrated w.r.t. E 
system of units will be employed. and then differentiated w.r.t. T to give 


2. MODEL THERMODYNAMICS 
The combined first and second laws of the 
thermodynamics of dielectrics (excluding 
ferroelectrics) is 

T6S=-i\U-EdP 

or 



where an integration by parts has been used, 
and 





the zero-field specific heat. Substituting 
equations (2) and (4) into equation (1) leads 
us to the desired form of the Td5 equation 
f i ) for these materials 


Now, equating the mixed partial derivatives 
of the entropy from equation (1) in the usual 
Ikshion yields the relation 



which shows the interesting property that if 
P is any function of the ratio (E/T), then 



Ihis fact, that the internal energy does not 
depend on E at constant T, is analogous to 
the fact that the internal energy of a perfect 
gas at constant temperature is independent 
of pressure. Thus, when work is done to 
polarize a material for which P = P(EIT) in 
an isothermal process, an equal quantity 
of heat flows out of the material, analogous 
to the isothermal compression of an ideal gas. 
This property could be very useful for 
detecting the onset of dipole ordering (see 
below). 

Substituting equation (2) in (1) leads to the 
useful Maxwell relation, 



+ ,5) 

on which our discussion below of electro- 
caloric properties will be based. 

Consider now the quantities Co(r) and 
P{E, T) which enter equation (5) and which 
encompass the properties of the OH~ im- 
purity substituted at a CT site in the KCI 
lattice. There are three contributions to C„: 
a lattice phonon contribution, a dipole-dipole 
interactions contribution, and a Schottky 
contribution from the tunneling states. The 
lattice contribution is the familiar Debye 
expression expression (note that we are 
concerned with temperatures in the He range) 

r;,=:234nA'(7y(^;,)’’ - aVK (6) 

where n is the number of atoms per unit 
volume. 

The dipole-interactions contribution occurs 
because the impurity dipoles order locally 
with decreasing temperature in an anti- 
parallel correlation [8]; consequently, an 
expenditure of energy is required to break 
up these correlations in raising the tempera- 
ture, The internal energy of the dipole system 
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due to dipoie-dipole interactions, has 
been calculated previously [8] and these 
results are shown in Fig. 1 (solid line) for 
vs. y oc T\ €jj, is the dielectric constant 
of the host lattice, d is the anion-cation 
separation, N is the impurity dipole con- 
centration in cm’^ and is a dipole moment 
which characterizes the strength of the dipole 
interaction [8]. These data were calculated on 
the basis of a two-dipole approximation 
where the interacting dipoles have equili- 
brium positions along [100] in the NaCi- 
type lattice (as is the case for OH~ in KCl [9]). 
The tensorial interaction energy and the 
lattice symmetry were taken into account in 
these calculations (see [8] for further details). 

We will approximate Ud(y) by the dotted 
curve in Fig. 1 for the sake of convenience, 
and this approximation is quite accurate 
except at high temperatures: however, since 
we are interested in the derivative of Ud. 
this approximation should be reliable. There- 
fore, from Fig. I, we find that the dipole- 
dipole interactions contribution to the 


specific heat is 


fill 

r« = -^-2-33NV/f»J. (7) 


This approximation is valid only in the 
dipole-ordering temperature range. 

The third contribution to Q arises from 
the tunneling slates. That is, the sixfold 
degeneracy of the ground slate is tunneling 
split into a ground-state singlet Aia of energy 
-2A, a triplet state 7,u of zero energy, and a 
doublet state E„ of energy A, where A is the 
zero-field splitting; this level system has 
been apply discussed [7, 10]. The Schottky 
contribution from these tunneling slates is 
given by [7, 12] 


C l 1 1 
0 


= (>Nk 




( 8 ) 


Consider next the polarization function, 
F(E, 7); if we assign the external field to be 





Fig. 1. The temperature dependence ol' the internal energy IJa due to 
dipole interactions for a random array of dipoles situated at C'l sites in 
the NaCl-type lattice with [100] equilibrium positions [8]. The quantities 
plotted are both dimensionless, and the symbols are explained in the text. 
The linear approximation (dashed line) is used in the thermodynamic 
treatment. 
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along 1 100] (i.e. along an equilibrium direction 
of the OH" dipole in the crystal lattice), then 

P{E, T] = T) + 

z = fiE/kT (9) 

where T) is the polarization of the 

host lattice. (Our discussion beyond this 
point will be constrained by the assignments 
that the dipole equilibria and the applied field 
are along [100]; for different orientations, 
equation (9) and the relations below derived 
from equation (9) are considerably altered.) 
We have introduced two more dipole moments 
in equation (9): The dipole moment, fi, 
characterizes the macroscopic polarization 
of the dipole system including the local 
moments induced in the host lattice by the 
impurity, and jl contains a Lorentz correc- 
tion which enables us to write the external 
field strength E explicitly (we will postpone 
until later a discussion of these various 
dipole moments). 

I( will be noticed from equation (5) that the 
7 -derivatives of P{E, /') are required, and 
we will assume that 


because the dielectric constant of pure alkali 
halides such as KC I is a very weak function 
of temperature in the He temperature range 
[41 (This, however, may not be the case with 
other materials, e.g. the thallous halides[l Jj). 

y COMPARISON WITH EXPERIMENTAL DATA 
ON KChOH 

We have now established all the ingredients 
of a thermodynamic treatment of these 
salts, and in this section we will compare 
the above thermodynamic quantities with 
experimental data. 

Zero-field specific heat 

The zero-field specific heat, Co, given by 


the sum of equations (6-8), contains two con- 
centration-dependent contributions. For the 
dipole-interactions contribution, Cl the con- 
centration N determines the dipole-ordering 
temperature range, whereas for the Scholtky 
contribution, CJ,', the concentration is an 
amplitude factor, the function of y in equation 
(8) having a maximum at y = 1 -37 independent 
of concentration. This is not surprising, since 
Co reflects a cooperative effect, C'd' a single- 
particle effect. Therefore, for very dilute 
concentrations Cfl = Ci-fCi^ and the spe- 
cific heat data of Harrison [12] on KCl;OH 
0-6 ppm) have revealed this Schottky con- 
tribution to be in good quantitative agreement 
with Equation (8) for Mk ^ 0-34®K. This 
specific-heat value of the zero-field splitting 
is in very good agreement with the value 
from paraelectric-resonance measurements 
[13J, A//: = 0'30±0-03°K. Consequently, we 
will adopt the value A/A == below. 

On the other hand, for temperatures above 
the peak of the Schottky term at ^0-2°K 
and for larger concentrations, Co = Co' + 
C'j, where the deviation from the V behavior 
is proportional to in the dipole-ordering 
temperature range. The zero-field specific 
heat data of Shepherd [7] for KCi:OH above 
0*4''K show such a deviation, and in Fig. 2 
are shown these specific heat data, where 
C\J is plotted vs, for three different con- 
centrations. (For curve C in Fig. 2, the 
Co contribution was subtracted from the ex- 
perimental r„ data, using the ‘optical' con- 
centration in equation (8) and the above- 
mentioned value of A /A.) That is, according 
to equations (6) and (7), C^T vs. should be 
linear with a slope a and intercept 2-33iVV// 
€„. Although the experimental data that 
can be so plotted conveniently are meager, 
there is clear indication in Fig. 2 that these 
curves do, in fact, have finite intercepts in- 
dicative of the dipole ordering contribution. 
These intercept values are given in Fig. 2, 
and using the OH" concentrations deter- 
mined optically by Shepherd [7] and the value 
[4] = 4‘3, we find values of ranging 
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Fig 2. Zero -field specific heat data of KCLOH in the dipole ordering 
temperature range (7]. The non-xero intercepts of C^T vs. P allow the 
determination of according to equation (7), and these data are shown 
in the figure. 


from 2-3 to 4*3 D from these intercepts. 
These dipole moment values are in good 
agreement with values determined from other 
sources, but it has to be- pointed out that 
these ‘optical’ concentrations are subject 
to some question. We shall return to this 
question below. 

The values of the slopes in Fig. 2 range 
from 94 to 107, indicating debye temperatures 
from 178'’ to I87°K. This is a surprising 
result, since pure KG has a debye tempera- 
ture of 230°K; however, as pointed out by 
Sheperd[7] the specific heat data for all con- 
centrations in the temperature range above 
the data shown in Fig. 2 do exhibit a lowered 
debye temperature from the pure crystal 
value. Nor is this case of KG: OH an 
isolated case of this phenomenon; Harrison 
et al.l\4} found a debye temperature of 466°K 
for NaF doped with about 0*3 ppm OH", a 
value which is about 6 per cent smaller than 
debye temperatures reported for NaF from 
other sources. The reason for this unusually 
large effect on the phonon spectrum resulting 
from small hydroxyl concentrations is not 
clear. 


Field dependence of the specific heat 
From equation (5), the field-dependent 
specific heat is given by 


= (10) 
and it is shown in Appendix A that 


Ct' — + 


Nkp. Z"(l + 2 coshZ) 
jx (2 + cosh Z)" ’ 


Z = fiEIkT, 


(100 


using equation (9) for F(E, 7). Equation 
(10') predicts a peak in Cf;”Coof 1*31 Nkpilfl 
at z = 2-90, and is identical to the expression 
used by Shepherd [7] in interpreting his 
C/, -G dutii if M — Ml although the method 
of derivation was different than that pre- 
sented here. Since Shepherd has considered 
this electrocaloric property, it will not be 
pursued here. 


A diabatic-depolarizotion temperature chan- 
ges: paraelectric cooling in KCI:OH 
In order to solve for the temperature 
change upon adiabatic depolarization (d5 = 
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0), we must solve the differential equation 
obtained from equation (5), 


c.d7 + «r0:d£.-7{£<it-. 

K 

the transformation x- f^^{dPlf)T)6E allows 
this integration, and we find that 




(II) 


where the subscripts / and / refer to the 
initial and final temperatures and fields, 
respectively, Alternately, we could have 
written down equation {11} directly using 
the Maxwell relation equation (3) in equating 
the entropy changes. The next step is to 
substitute equations into equation (I I) 
and perform the indicated integrations; when 
this is done we find that (setting T’y = 0) 


7 - / V* ~ 3 /V A'( ju/ ) /’ ' ( / , ) 

^ Y I 

a€,„ V7/ TJ 

}Nk . . 

f — [lnh-.c(yy)],4- iiUkT^. 
yf~~-Mkr, (12) 


;?(y) == ln(l + 


( 14 ) 


We have set g(y,) == In6, because we assume 
that the initial temperature is considerably 
greater than A/A; as we shall see, this is 
valid for KCI:OH data. 

The functions F{Z) and ln6~^^( v) are shown 
plotted in Fig, 3; F(Z) saturates for Z - 8, 
and this fact is useful for estimating the 
practical quantity FJTr 
The adiabatic-depolarization relation equa- 
tion (12) clearly indicates the limitations due 
to the dipole interactions and the tunneling 
splitting, as both of these terms are additive. 
Also, the effect of the dipole interactions 
introduces a term quadratic in the concen- 
tration Ns and this fact has some interesting 
consequences, as will be seen below. 

( n order to compare equation ( 1 2) to experi- 
mental data, we are faced with the dilemma of 
the three dipole moments we have introduced, 
namely /x, /i, and /a,., because our knowledge 
of these moments is imperfect. According to 
Frdhlich( I5|, 





Ml 


The term in equation (12) involving F(Z) 
derives from the polarization entropy change 
of the dipole system, and it is shown in 
Appendix B that 




36m 




/ 2 + /i||- \/ 3c„, \ 

\ 3 + 


lly = IJ. 


/•■(/') = 


ZsinhZ /2 + coshZ\ 

24coshz‘" n('~ j- 


(13) 


I'he term involving In6-;c(>') comes from the 
tunneling slates and was calculated using the 
relation 

5- A/A InZ-f (//T 


for the entropy of the dipole system, where 
Z is the partition function (see also [7J). The 
function is given by 


where /X| is the vacuum moment and /lo is 
the refractive index of a ‘liquid’ composed of 
the impurity dipoles. On the other hand, 
Mahan flfi] and Ham [17] have studied this 
dipole-moment problem and concluded that 
the Onsager-Frohlich cavity approximation 
is probably not applicable to a substitutional 
dipole. Furthermore, the spectroscopic 
studies on KCI : OH have been interpreted f 1 8J 
in terms of a displacement of the center-of- 
mass of the hydroxyl group, and this in turn 
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y« A/kT 


0 1-0 2-0 3-0 40 



z -/iE/kr 

Fig. 3. Numerical data for the functions In6-g()') and F(z) which enter 
the adiahatic-depolarization relation, equation ( 12). 


raises serious problems about the dipole 
moments. Consequently, for our purposes 
here, it seems reasonable to set 

in discussing equation (12); we shall discuss 
the possible implications of this approximation 
below. 

Now Shepherd [7] has published data on 
the adiabatic depolarization of KCI:OH, and 
the data for the crystals showing the largest 
temperature drops are shown in Fig. 4. The 
curves in Fig. 4 were calculated according 
to equation (12) as follows; equation (12) 
can be solved for the concentration /V, and 
since the data points for each crystal in Fig. 
4 involve the same N, a set of ^-values can 
be determined relative to a reference data 
point using the data in Fig. 3. The coefficient 
a 100 was used from Fig. 2. These fitting 
calculations yielded /x = 3*66±0-43 debye 
and /x = 3-80±0‘50 debye for the two sets 
of data, as shown. These /i-values were 
then used in equation (12) to determine the 
corresponding concentrations, /V = 36*2± 


2-0 X 10’« cm'-'and N = 10-6± 2-0 x m cm'^ 
respectively. Subsequently, the curves shown 
in Fig. 4 were drawn using these data. 

It is seen that equation (12) describes the 
experimental data very well, and the dipole- 
moment fitting parameters shown in Fig. 4 
agree closely with other estimates [7, 13, 18J 
and are consistent with the intercept values 
given in Fig. 2. The concentrations are in 
semi-quantitative agreement with the ‘optical' 
concentrations reported by Shepherd [7] 
N (12) = 36-2 X lO'^^cm”^^ and /V(optical) = 
lO'^^cm"'^; and N (12)= 10-6X 10*”cm“'^ and 
/V(optical) 5'2x 10'^ cm''^ 

These concentrations are about twice as 
large as the ‘optical’ concentrations, and one 
reason for this may be our inexact knowledge 
of the various dipole moments and the co- 
efficient a from Fig. 2. On the other hand, 
there is some disagreement in the literature 
[191 on the optical method of determining 
the OH" concentration from the 204 m^ 
absorption band [20]. 

As mentioned above, the effect of dipole- 
dipole interactions introduces a term quad- 
ratic in N into equation (12), with the 
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\ 4 ( ompanson of equalion (12) with the observed adiabatic-depolanzation data 

tdi k( I OH of (7], A smglc-dipole momenl fitting parameter was used in equation 
(12) for each curve, and these moments are shown on the respective curves I'he 
calculated hydroxyl concentrations were 36-2 X 10^** and 10-6 X 10^** for the upper 
and lowei curves, respectively. The debyc temperature obtained from Fig. 2 was 
used in equation (12) 


consequence that an opnmutn N exists which 
maximizes the temperature decrease during 
adiabatic depolarization. This is a very 
practical result, and may be understood 
physically as follows: At low concentrations, 
the available controllable entropy of the dipole 
system (namely, NA lnh) is small and the 
lemperature changes are correspondingly 
small; as N is increased, the controllable 
entropy is increased, but on removal of the 
field the dipoles do not entirely revert to the 
disordered state but rather begin to order 
locally, thus lowering the zero-field entropy 
of the dipole system. Therefore, the tempera- 
lure change involved in going from the £ / 0 
to £ = 0 state is not as large as would other- 
wise be the case. Upon further increasing N, 
the dipole ordering becomes more complete 
in the adiabatic depolarization step, and the 
temperature change becomes smaller. An 
optimum concentration thus exists which 
represents a compromise between the 
competing effects of the controllable entropy 


of the dipole system and entropy decrease 
due to dipole ordering. 

This optimum concentration and the 
lowest achievable temperature can be 
obtained from equation (12), knowing 
£j, /jl, and A; for a given set of initial 
conditions, the lowest final temperature is 
given by the transcendental equation 




( 15 ) 

if Fi 


and the optimum concentration for achieving 
this 7/ is given by 


N 


0-378 


optimum ■ 


«€„,(7,^ -77)7,7/ 


7,-7, 


(16) 


As an example. Fig. 5 shows 7/- vs. N 
plotted according to equation (12) for 7,= 
I -ZT^K. = 0-30‘’K, a = 100, e„ = 4-3, and 
fi = 3-73 D (the average value from Fig. 4), 
for El = 36kV/cm and == llOkV/cm (this 
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OH' CONCENTRATION , on'* 

Kig. 5. Predicted final depolarization temperature as a function of hydroxyl 
concentration for KChOH according to equation (12), for the initial 
conditions 7^/=l-27°K, and £'f = 36kV/cm and llOkV/cm. An 
average dipole moment, /i = 3-73 D from Fig. 4, and the debye temperature 
from Fig. 2 were u.sed. The tunneling splitting is shown in the figure, and 
the experimental data are from f7]. 


latter value is the estimated saturation value 
for KCI : OH according to Fig. 3). The experi- 
mental points due to Shepherd [7] are also 
shown in Fig. 5 (the value E, = 36 kV/cm 
was chosen to include all the data reported 
by Shepherd). The experimental data display 
an optimum-concentration effect, and agree 
reasonably well with the predictions of 
equation (12), given the reservations ex- 
pressed above regarding the dipole-moment 
strength, etc. 

The data in Fig. 5 indicate that the lowest 
achievable temperature with KCI: OH by 
the process of adiabatic depolarization is 
0*205°K, corresponding to a concentration of 
1-50X lO^^^cm’l These calculations also 
illustrate that the tunneling splitting ultimately 
limits Tf for this optimum concentration, and 
that the minimum T/ approximately coincides 
with the peak of the Schottky specific-heat 
contribution, equation (8); i.e. T/ A/T37A:. 


Electrocaloric coefficient in KCI : OH 
The electrocaloric coefficient is defined by 



and equation (12) is just the integrated form 
of this quantity. From equation (5) 




NfiZ(] + 2 cosh Z) 
"G (2 + coshZ)2 


/Z = jiElkT. 


(17) 


where Cp is given by equation (10'). 

Luty[6] has reported (A77AE)-data on 
KCI: OH, and for the fields and temperatures 
used, equation (17) may be approximated by 
(Z < l,y ^ 1). 




-NfiZ 

3aP + 6-99A/ V/f 7' 4- Nitz*' ■ 


( 18 ) 
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Here also, equation (18) predicts that a 
concentration exists which maximizes the 
electrocaloric coefficient, according to 

^.ax=-V(a6,„/2'33) (19) 


and correspondingly from equation ( 1 8) 


t)ka n + fiE 'V ( a€nJ2 • 33 ) 


( 20 ) 


Equations (19) and (20) are in good qualila- 
live agreement, and reasonably good quantita- 
tive agreement, with laity’s experimental 
data(6|, as may be seen from Table 1; the 
above-mentioned data for /x, (x, etc. were used 
in equations (19) and (20) in calculating the 
results shown in Table 1 . 

The experimental data in Table 1 show that 
apparently independent of E and 
increases with 7\ in agreement with equation 
(19), although there arc insufficient data to 
check the predicted P behavior Also, the 
data increase (negatively) with both T 
and T, in agreement with equation (20), 


4. SUMMARY AND DISCUSSION 

The simple Ihennodynamic model de- 
veloped in this paper succeeds in explaining 
several of the observed thermodynamic 
properties of K( both qualitatively and 

quantitatively, in a straightforward and 
consistent fashion; Erom the zeroTield 
specific heal data of big. 2, the coefficient 


tt of equation (6) was determined and sub- 
sequently used in equation (12) in the fitting 
of the adiabatic-depolarization data shown 
in Fig. 4. This fitting yielded a dipole moment 
of about 3*7 debye, which is consistent with 
the intercept values shown in Fig. 2 according 
to equation (7) and with other estimates in the 
literature. These data were next used for 
comparison of the theory with the observed 
positions and heights of the electrocaloric- 
coefficient peaks. In all these calculations, the 
literature values for the zero-field splitting and 
host-lattice dielectric constant were adopted. 

The calculated hydroxyl concentrations 
are in reasonable quantitative agreement with 
the experimental values, although there is a 
tendency for these calculated concentrations 
to be consistently larger than the experimental 
values. It is suggested that this may be due 
to our inexact knowledge of the three dipole 
moments that were introduced, but which 
were later equated for the sake of expediency. 
For example, the dielectric data [4] on 
KCLOH have been explained [8J using /x 
(from equation (9|) -- 1-9 0, and fi,. (from 
equation (7)) 4*4 D consequently, equating 

in equation (12) has the effect of 
increasing the N in the dipole-interaclions 
term. 

Ihe agreement with experiment, in par- 
ticular with the observed concentration- 
dependence of the final depolarization 
temperature and of the electrocaloric co- 
efficient, is strong evidence for the importance 
of the dipole-dipole interactions which 


iahfc 1 . Electrocaloric-coefficient data for KCl: OH 


/ 

rK) 

(kV/cm) 

( ^ max ) 

talc 

obs ■* 

calc. 

obs.r 

44) 

2(1 

SS-3 \ 10’'' 

< 10 ''* 

- 2-45 X 10-3 

- 0-438 X 10- •» 

: s 

20 

2S-6 I0‘« 

20 K 10 "* 

-4-f>2x 10-3 

- M5x 10 ' 

2 i) 

20 

14 6 K 10'»^ 

14 X 10"* 

- 7*58 X 10'* 

- 2-97 X 10-3 

2-0 

40 

14-6 X 

I3X 10"* 

- 8-58 X 10-3 

- 3 52X 10 * 


‘'Deiermined opiicaily f6) 
tRelerence [hj 


THERMODYNAMICS OF ELECTROCALORIC PHENOMENA 


1171 


introduce the term quadratic in N in equation 
(12). It is worth noting that the specific heat 
Cl calculated on the basis of an Ising mode! 
[21] is independent of N, and hence, does not 
lead to these concentration dependencies. 

The electrocaloric coefficient, equation 
(17), contains much useful information, in 
addition to that indicated by equations (19) 
and (20). The specific heat Ce appearing in 
the denominator of 13^ has a maximum at Z = 
2*90, whereas the explicit function of Z in 
equation (17) has a maximum at Z = 2'16; 
both of these extrema are concentration 
independent. Therefore, |j8^;| has a maximum 
at Z — 2'16 and a minimum at Z — 2-90, if the 
collective term and Schottky term are ignored 
(i.e. small N, large T), and 


0-5i8/V/x 

0-451yVM 

In particular, if is measured isothermally 
by varying E, then the dipole moment jl can 
be determined from the (3^ peaks. 


klii = 


2-37 

1 


I'll 


In conclusion, there are two refinements to 
the thermodynamic theory which deserve 
mention, in addition to the dipole-moments 
problem. First, the elastic-dipole nature [6, 22] 
of the OH" impurity has been ignored above, 
and the elastic dipole-dipole interactions will 
contribute to C", although the evidence 
presented here would seem to argue that this 
contribution is small compared to the electro- 
static contribution. 

Second, in writing down equation (9) we 
have implicitly assumed that the field E is 
always large enough to break up the dipole 
correlations. The effect of these correlations 
is to alter the /^(£/7) -curve given by (9) in 
the low-field region (depending on /V), thus 


altering the integrals which enter equations 
(10) and (1 1), because the correlated dipoles 
do not contribute to P statistically. The 
seriousness of this consideration obviously 
depends on the concentration, and Shepherd 
[7] in fact has found that at high concentra- 
tions the specific heat concentrations given 
by equation (10') fall considerably below 
the corresponding ‘optical’ concentrations. 

The onset of this dipole ordering could be 
detected experimentally in view of equation 
(2), since prior io dipole ordering, P = P{EIT) 
(provided that in equation (9) is a weak 
function of E and 7), so that in the isothermal 
polarization of the material, an equal quantity 
of heat flows out of the material. This would 
not be the case, however, when dipole order- 
ing ensues. 
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APPENDIX A 

The polan/aOon is a (unction of / -= (iLlkT, so (hal 



I he I c fore, 




A' ' fi/// 0 


and equation (10^) results when equation (9) is used in 
the above. 


APPENDIX B 

The integrals on the left-hand side of equation (1 1) can 
be solved by noting that 



k fdP\ 


which can be integrated by parts, 

M M J 0 


and the remaining inlegial is tabulated for P from equation 
(9) (nole that is to be used), resulting in equation 
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DETERMINATION OF THE SURFACE 
HETERODIFFUSION COEFFICIENT BY THE METHOD 
OF MASS TRANSFER 

Ya. E. GEGUZIN, Yu. S. KAGANOVSKY and V. V. SLYOZOV 
A. M. Gorky State University, Institute of Single Crystals, Physico-Technical Institute, Kharkov, U.S.S.R. 

{ReieivedllJuly 1968 ) 

Abstract- In the paper a method of determination of the surface hcterodiffusion coefficient 0, is 
suggested which is based on the observation of the transfer of macroscopic quantities of substance A 
along the substrate B. Both the diffusion mass transport between solid and liquid phases of substance 
A and the two-dimensional coalescence of A on substrate B are considered. 

The obtained formulae are then used for numerical calculations of the values of D, basing upon the 
data on qualitative observations of the surface hcterodiffusion from other publications. 


1. INTRODUCTION 

At present the mass transfer technique is 
widely used for the determination of self- 
diffusion coefficients[l-41. 

Information on the surface diffusion coeffic- 
ient may be obtained from the data on the 
volume of the transported material, which 
enables the experimentally observable changes 
in the object geometry. 

As far as we know the mass transfer 
experiments were not used for the determina- 
tion of the surface hcterodiffusion coefficients 
although the first qualitative tests [5], in which 
the surface diffusion was discovered consisted 
in observing the changes of the silver con- 
densate on glass due to the silver mass trans- 
port via the surface hcterodiffusion mechanism. 

I n the present paper we discuss the possibili- 
ties of exploiting the experiments on the 
transport of substance A along substrate B for 
the determination of the heterodiffusion 
coefficient D, of A along B. 

2. FORMULATION OF THE PROBLEM 
Presentation of the calculations proper 
should be prefaced with the discussion of the 
origin of gradients which provide directed 
surface fluxes. Possibilities of determination 
of 0, in principle from the data on the mass 
transfer are also to be analysed. 


Two substantially different factors may 
cause (he gradient of the chemical potential 
which determines directed mass transport. 

Consider now the first of them. l.et a super- 
cooled liquid drop of substance A be situated 
near a crystallized particle of the same sub- 
stance. The adsorbed gas densities near the 
solid and the liquid phases will be different 
due to the different values of energy necessary 
for the transition of an atom from the con- 
densed into the two-dimensional adsorbed 
phase. An elementary evaluation of the arising 
gradient of the chemical potential is 

Mi ~ Mr Qtn^T' /(V 

Vmi ^ 

where and /x, are the chemical potentials 
of the two-dimensional gas adsorbed near the 
crystalline and the liquid phases respectively, 
AT = Tm-T is the system supercooling, C?^, 
the latent melting heat; Tm. the melting 
temperature and x is the distance between the 
particles. 

The second factor is the difference of the 
adsorbed gas densities near two particles of 
different curvature. In this case 

(-) 
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where is the difference of 

the particle curvatures, y, the surface tension 
and fl is the atom volume. 

( omparing the gradients V^, and V/xj one 
can easily see that for reasonable values of 
their determining constants, - lOT/x.. 
Thus, under other equal conditions the mass 
transport between the regions of different 
phase states should have a substantially 
greater rate than in case of coalescence of 
particles of the same phase states. 

For the mass transfer experiment to serve 
as a source of information on the surface 
diffusion coefficient it is necessary that the 
surface diffusion flux should greatly overcome 
that through the gaseous phase, i.e. that the 
condition should be met: 

I (3) 

Here 1),, stands for the adatom diffusion 
coefficient, /),; is the gaseous phase diffusion 
coefficient, //,, is the atom density in the gas, 
fi„ IS the number of adatoms on a unit surface 
and R is radius of a particle of a hemispheric 
shape. 

From condition (3) it follows that the 
equilibrium vapour pressure of substance A 
adsorbed on the surface R must 

satisfy the inequality 


Here I\ ^ is the lattice parameter. 

For the reasonable values of constants in 
(4) (A/) - 10 ''erg, 10' cm^sec, D, 
^ 10 ''cnr/sec, 10 ‘cm, n ~ 10 cm) we 
obtain lO-dyn/cm'-. Note that the 
values involved in this evaluation refer to the 
elevated temperatures. As the temperature 
drops the inequality (4) is still better satisfied* 

‘Holding of the inequality (4) may be achieved by an 
artiricia! method consisting in carrying out the test in 
the inert gas atmosphere under pressure, so that Dy - 
1//410I This method, however, may negatively affect 
the results of deleniiination of because of the inter- 
action of the inert gas and the substrate 


In actual conditions the required difference 
of densities of the particles in the two- 
dimensional adsorbed gas and the ‘spatial' 
one may occur because the potential barrier 
preventing the penetration of atoms into the 
two-dimensional adsorbed gas is lower than 
that for the ‘spatial’ gas by the value of the 
adsorption energy. 

Thus in many cases the process of mass 
transfer between the granules of A on sub- 
strate B is determined by the two-dimensional 
diffusion flux, the surface heterodiffusion 
coefficient thus determining the kinetics of the 
process. 

Regardless of the type of gradient the equa- 
tion governing the steady-state diffusion along 
the surface may be written as [61 

+ = 0 (5) 

(If r 

where f - is the adatom concentration. 

In this equation the possible interchange 
between the diffusing adatoms of substance 
A and its saturated (equilibrium) vapour is 
taken into account: q stands for the relative 
number of particles incident upon a unit sur- 
face per unit time from the gaseous phase, 
T is the mean lime of ‘life’ of atom A in the 
adsorbed state on substrate B, However 
equation (.S) does not take into account the 
leakage of diffusing adatoms into the bulk of 
the substrate. For the most part of real 
systems and the experimental conditions this 
disregard is quite admissible. 

Hereafter equation (5) is being solved 
under the assumptions on the geometry of 
the system chosen to provide the most clear 
observations of the mass transport for each 
of the two types of gradients. 

}. DIFFUSION MASS TRANSPORT BETWEEN THE 
REGIONS OF SOLID AND LIQUID PHASES 

Consider the substance transfer between 
a supercooled liquid film and a crystal. For 
simplicity’s sake we assume that the film 
edge and the crystal front are parallel (Fig. 1) 
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Fig. I. An illustration to the calculation of the rale of 
growth of the yard free of liquid. 


The solution of (5) is 

/ sinh f \ 

.,(^) = A(cosh^-^). (10) 

The flux at the point jc,, satisfies the equation 


and the film thickness I is much less than that 
of the crystal L The last assumption permits 
to consider the mass transport to be accom- 
panied by the film edge displacement (a:,,) 
only, the crystal front remaining unmoved. 
It is worth noting that the problem dis- 
cussed is by its physical sense the problem 
of kinetics of the crystal growth from the 
supercooled liquid, when the substance supply 
to the crystal is due to the surface diffusion 
mechanism. 

For the discussed geometry, equation (5) 
must be solved under the conditions 


and 




q = ^iIt. 


( 6 ) 


(7) 


Condition (7) arises from the fact that the 
flux of substance from the gaseous phase onto 
the surface is independent of the coordinate 
and equals the number of particles evaporated 
from a unit surface per unit time near the 
liquid phase front; this, in turn, occurs because 
of a much greater rate of achieving the homo- 
geneous concentration in the gas compared to 
that on the surface. 

Denoting r/ - — = D,iT] ^ = x/q) one 

may re-write equation (5) as 


jiXn) 



m d/ 


.r=j'o 


(II) 


(Pf is the liquid phase density, m is the mass 
of one molecule of substance A), which with 
regard of (10) yields 

d^tp __ (X 

dr (osinh (xjo})' 

Here a = mlpM^ ~ all (a is the lattice para- 
meter of substance A ). 

I ntegraling ( 1 2) we come to 

X h 

cosh — -cosh — ^ aAD„r/a>^ (13) 

0) <j) 

Under a reasonable assumption .q, 
meaning that during the lime r an adatom 
covers the diffusion distance which surpasses 
the separation .Vp of the liquid and crystalline 
phases*) we may write the equation in the 
form 

x,,^ = hH2aM)j (14) 

(neglecting the terms of order ~ ixlo))^) 

The quantity A = involved in the 

equations may be expressed in terms of the 
chemical potentials of adatoms near the solid 
and liquid phases. Indeed, with A/f,) ^ 1 : 


d^Tj 



the boundary conditions becoming 


lpL = pLi-fi, = kT\n{^,l(,) ^ kTlIi^. (15) 

( 8 ) 

As 

AT 

(16) 

‘ n\ 


^7(^0) ^ ()» 


/Q\ * necessary inequality is met when the adsorption 

(^) heat of /1-uloms on substrate li is of considerable magni- 
tude, of about 20 )L7. 
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it follows from (15) and (16) 


A = 



Tm' 


(17) 


Qjj, and in (16) and (17) being the melting 
heat and the melting temperature of substance 
A respectively, M ~ ~ T. 

It proves useful to tic the wanted value D, 
and the adatoms diffusion coefficient with 
the relation 


(18) 

Equation (18) actually is the definition of 
the surface hetcrodiffusion coefficient similar 
to that of the surface self-diffusion which is 
known to be related to the adatom self- 
diffusion coefficient l)„ and the adatoms 
concentration ^ irn^t) as 

/A - lU,. 

Having in mind the definition ( 1 8) of />, one 
may rc-writc (14) as 

-In’ h'^ (19) 

where T ~ 7 7’,,,. 

A peculiarity of the considered diffusion 
process is that wilh the temperature de- 
creasing the value of the chemical potential 
grows (see equalion (19)) while the helcro- 
diffijsion coefficienl also decreases. The 
lempcrature dependence of the mass trans- 
port rate is thus a curve with a maximum. 
I his circumstance may be used for the deter- 
mination of the activation energy (7,. not 
from the temperature dependence of as 
it is usually done, but from the position of 
the maximum on the curve dtoAd/ -/(T). 
From the condition d/d7(dv,r/d/) ^ 0 it 
follows 


maximum. Note that Q, - IQkT soT^-T 
10"^ Tjn and the maximum of djto Vdr =/(/’) 
may be reliably found in the experiment. 


4. TWO-DIMENSIONAL OimJSION 
COALESCENCE 

Consider a particle of substance A (no 
matter solid or liquid) of a hemispheric shape 
placed on substrate B. The radius (R) of such a 
particle may change with time because of the 
material transfer via the mechanism of 
surface diffusion or diffusion within the gas: 


or 



d/ 


rV 


^ a (i£ 

* “Rli'r 


( 21 ) 


Here 1)^ is the diffusion coefficient within 
f e gas, C" = where a/" is the number of 
gas particles in a unit volume; a is the lattice 
parameter, £ ahin and denotes the number 
of adatoms on a unit surface. The values of 
and dC'!dr\f-.ii are to be found 
from the solution of equation (5) and 


(22) 

at 

Hereafter we intend to consider this given 
particle to belong to an ensemble of similar 
particles of various radii; so we define the 
meanings of (’^'and^ at the infinity as 

(23) 

where f'^'and^are determined by the ensemble 
in a self-congruent way. 

Near the surface of a particle the conditions 
are met 



r fjj — . c 


(24) 

r li /? 


where 7 ' is the temperature of the curve where C^'' == the concentration near 
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the plane, is the equilibrium vapour pres- 
sure; i2ya^lkT)C^^\ has the meaning 
of the equilibrium concentration of the two- 
dimensional gas adjacent the surface of in- 
finite curvature radius, a* = {lya^IkT) foo and 
y is the surface tension of A . 

Equations (5) and (22) are to be solved 
under boundary conditions (23) and (24). 

The solution of (22) readily follows 



When solving (5) we must take into account 
that the relative number of particles incident 
upon the surface from the gas satisfies 


q = ^/t. (26) 

So we obtain 



D — ~| 

dr 



a^\ KM 

RJioK.ix) 




(27) 


A'n(jc) being the modified Bessel function, 

Two limiting cases deserve consideration; 
(i) R < (jt). Expression (27) takes the form 


\dl/ "/? 2 |n{ 2 (o//?)r R 


= (28) 
"R-^ln(2(o/R)\ kTRl 


(ii) R > instead of (27) we get 


to a condition under which {dRIdty > 
{dRIdty. Indeed, A'^ and A'" being of the 
same order, it follows from the written 
inequality 




— 


when R'^ < D,j 


(30) 


> J 

D^CJ 


when R'^ > D„r. 


Condition (30) is practically equivalent to 
(3) which was derived from general considera- 
tions. If we consider the given particle as an 
element of the ensemble of similar particles 
of various radii, scattered chaotically on the 
substrate we may derive the asymptotic size 
distribution of the particles and also the lime 
dependence of their average size. 

At / 00 , with A'^ 0 and A'’ 0 the law 

of mass conservation in the ensemble of 
particles involved in the self-consistent mass 
transport, may be written as 


Y j f(R)R'^^R = 00 = const. (31) 

0 

Here f(R) is the size distribution normalized 
by the unit surface, 0 „ is the total volume of 
matter of the particles per I cm*. The cal- 
culations of R(t),f{Rj), A'’(f) and the number 
of particles per 1 cm^ of the substrate surt'ace, 
N^(t}, is absolutely the same as in the paper 
by Lifshitz and Slyozov[7]. So we present 
only the results. 

There exist two cases when the mass 
transport is determined mainly by the surface 
heterodiffusion mechanism. 


,d// R w\ R) 

= (29) 


(i) 


D f, 7 


(32) 


At t — > 00 the desired asymptotic formulae 


Comparison of (28, 29) and (25) brings us 


are 


W iln(2aj//?) 
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/ Ztt 

-~R\ \’{l] = a’IR{t) 04) 


J)R.>)- 


4 cxp(-3i/(/4) „ , - 

N'il) — r when R < iR 

1 R fr 


0 


1 


when /? 3 

(35) 


II , 


ff-r 


^ 2 


1 I 

"'+T] 

1 ^ 

T - — arctani 

- — 1 


18V2 

\ \/2 / 

1 

/ 

[/ .^'1 

u^RIR-, 


n f - + 

[\ 4/ sj 

Note that the factor {:J)V1 1 

In iluiUO in ( 


nuiy be within the experimental accuracy 
replaced by a unit and be considered time- 
independent in the conditions of isothermal 
experiment. It also shows a very slow rate 
of variation with tempera In re changes, com- 
pared to exp(- say, where the 
hctctodilfiision activation energy. 


(li) 


IK 


In tins ease we obtain al / ' 


JiRj) 


R' (3ft) 

V (0 

N^in ir^\p 1_H(1 -(2// /.^)] 

' {u nK'Hi- 

when li 

0 when u ii 


40 


/VM/) and AMr) are again given by (.M). 

5. SOME EXPERIMENTAL RESULTS 
’The theory that was developed above gives 
formulae which may be useful for the deter- 


mination of heterodifFusion coefficients from 
the experimental data on the mass transport. 

I. The mass transfer between the regions 
of solid and liquid phases. 


1 dvo' 
lot 


I daf<r 

d/ 


(37) 


II, The mass transfer via the coalescence 
between the grains of the same phase: 





kT ^R' 

(a) 

R- < D,j\ 


11 

> 



A 

_ AT AR ' 

(b) 

R- > l)„r\ 





W 

yci' At 


The experiments carried out with R- > 
D,j cannot be used to obtain the value D,, 
giving O.Aa only. 

The formulae derived may be fitted to the 
results of some experiments in which the 
kinetics of surl'ace heteroditfusion was 
quantitatively studied. We shall make use 
of the results of two experimental works. 
One of them dealt with the diffusion of 
potassium on the surface of quariz[6], another 
with the diffusion of gold along the (100) 
surface of the single crystal NaCl [8]. 

Wegener[6J studied the condensation of 
dispersed ( I fi) drops of potassium from the 
gaseous phase on the surface of the silica 
glass. The melted potassium is known to 
be easily supercooled; the drops remained 
liquid even at 2.TC-lhat is being supercooled 
by 4rC. On the photos of 16] which illustrate 
the time variations of the drops’ condensate 
structure one can easily see two pronounced 
effects. 

In the vicinity of a casually crystallized 
drop there appears later a constantly growing 
site (a ‘yard’) free of other drops. At the same 
time the crystallized bulk grows which is an 
evidence for the mass transport from the 
liquid into the crystalline phase. 

Also clearly seen on the photos is the 
coalescence process, i.e. the growing of drops 
with the diminution of their number. 




O-lfi 
1 


Fig. 2. Two-dimensional diffusion coalescence 
of gold particles on (100) surface of the single 
crystal NaCl. 280X;(a) t - 0;(b) t - lA; 
(c) / - 4h; (d) t - 7A. 


[Facing page 1178] 
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Geguzin et ^i/.[8J investigated the coal- 
escence of dispersed drops of gold forming 
on the (100) surface of single crystal NaCK 
which gold was condensed from a molecular 

I The replica technique was used and the 
n microscoping. It is worth reminding 
issett in his well known works [9] used 
mation of gold grains to decorate thin 
of the ion crystals surface relief, 
re 2 represents a succession of photos 
clearly illustrates the process of gold 
L^oalescence. 

ing plotted the time dependence of the 
’ linear dimensions from the photos of 
g. 3) one can evaluate (from equations 
le surface diffusion coefficient of potas- 
: Muiii on quartz at the temperature 23°C. The 
calculations give the value of ^ 2x 10“^ 
cnr sec ^ Note that this calculation involves 
a certain inaccuracy, because the results of 
an experiment of an axially symmetrical 
geometry are being interpreted on the basis 
of equation (37) which was derived for the 
one-dimensional case. The error is not, 
however, essential provided the ‘yard’s’ 
radius Xn is of the order of the dimensions 
of the crystal. The diffusion coefficient must 
also determine the kinetics of the supercooled 
potassium drops coalescence 
From the photos of [6] we have plotted the 
curves of the size distribution of drops. has 

been evaluated from equation (38) from the 
time dependence of the average size of drops. 

I hc value obtained is = 5 X 10“^ cm- sec“^ 
which is in good agreement with the evaluation 
from the ‘yard's’ growth kinetics. 


’^Rigorously, ihe diffusion coefficient us found from 
(37) must differ from Ihe value found from the kinetics 
of liquid drops coalescence (O') inasmuch as the equili- 
brium concentrations of adatoms near the crystalline and 
liquid phases are different. It is obvious that 

I 

h kf,,T '■* 

In case the coalescence investigated was that of crystal- 
line grams and not of liquid drops, the meanings of P, 
Irom (37) and (38) would be the same. 



Fig. 3. I ime-dependence of the linear dimension of the 
‘yaid’ on potassium-quarU (From the photos of Wegener 
[bll. 

From the photos presented in Fig. 2 we 
have plotted the size distribution of the grains 
of gold and established the dependence 
(Fig. 4). In agreement with (38) it 
appears to be - t. The surface hetero- 
diffusion coefficient of gold on the NaCl 
surface was calculated from the inclination 
of/(/). Al T = 280T it equals 10~’^cm^ 
sec ^ The reasons of such a small value must 
be investigated. 

The experimental results and their process- 
ing, in particular, the coincidence of the values 
of as calculated from the kinetics of the 
formation of the ‘yard’ and from the coal- 
escence of the potassium drops on quartz 



Fig 4 1'imc-dcpendence of ihe average radius of gold 
panicles coaicscentmg on the surface of NaC I, 7 -2Xir( 
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serve as an evidence for the plausibility of the 
initial assumptions and derivations. 

/icknowledjiemt'nt ~\n conclusion the authors express 
their gratitude to I. M. I ifshitz for his interest and 
fruitful discussions 
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DENSITY OF STATES AND THE ELECTRONIC 
SPECIFIC HEAT: PALLADIUM* 
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Abstract- By a non-random trial and error procedure, density-of-states functions are calculated for 
palladium which yield the experimentally determined electronic specific heat. We find that consider- 
able structure is required in this function in the chemical potential energy region. We conclude, how- 
ever, that palladium's electronic specific heat and paramagnetic susceptibility cannot be fitted with the 


same density of states function. 

1. INTRODUCTION 

From recent inelastic neutron scattering 
results on pure palladium! 1 ], it has been con- 
cluded that the electronic specific heat 
CiiT) =^yiT)T shows considerable structure 
at low temperature. It is the purpose of this 
paper to study the implications that such 
structure in y(T) has as regards the density- 
of-states function under the assumption of 
temperature-independent energy bands. From 
this density-of-states function, the para- 
magnetic susceptibility calculated 

and compared with the “experimentaP’ 
results on palladium [ 1 , 2 ]. 

There have been three approaches to the 
temperature dependence of y(T) and x{T) 
arising from structure in the density of 
stales function. The first approach is moti- 
vated by the methodology of Taylor series 
expansions 13]. However, such expansions 
are so slowly convergent as to be practically 
useless for ‘peaky’ density of states functions 
such as have been found for the transition 
metals [4]. The second approach is a numerical 
calculation based on analytically described 
density of states functions. Calculations have 


'^Research sponsored by the U.S. Atomic Energy 
C ommission under contract with Union Carbide Corpora- 
tion. 

f Permanent address: Case Western Reserve Univ- 
ersity, Cleveland, Ohio. 


been carried out by Stoner[5,6], Wohlfarth 
[7,8], and Elcock, Rhodes and Teviotdale[9] 
and these calculations, plus the extensions 
which we have done on the latter’s work but 
not reported on here, provide very important 
guidelines for this study. 

The third approach is a numerical cal- 
culation based upon numerically described 
density of states functions [2, 10. 1 1], These 
density of states functions have been generated 
under the assumption of the rigid band theory 
of alloying and the measured low temperature 
specific heat coefficients 7 ( 0 ) for a series of 
alloys. Using the density of states generated 
in this manner, these authors have calculated 
7 ( 7 ) and x(7) for a particular alloy over a 
broad temperature range and have obtained 
reasonable agreement with earlier experi- 
ments. 

As the calculational procedure used here 
differs from that of previous authors [ 2 , 10 , 
1 1 ], the necessary formulae are derived and 
the calculational procedure is given in 
Section 2. 

In Section 3, the ‘experimental’ electronic 
specific heat for palladium is by a fitted non- 
random trial and error selection of density of 
states functions. Given a density of states 
function, it is now a straightforward matter 
of numerical integration to find 7 and x but 
such is not the case for the inverse. The situa- 
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tion is quite analogous to that found between 
the lattice mode spectra) density and the 
lattice specific heat[12| and between the 
magnon mode density and the magnetization 
(13]. The non-unique density of states 
functions which we find all contain definitive 
structure close to the chemical potential 
on an energy scale such that this structure 
would be obscured by present density of 
slates function calculations [14]. 

2. BASK FORMULAE AND rAECTlEAllONAI. 

PROCEDURE 

Given the density of electronic states 
function, then A//, the change in the number 
of electrons in the system at temperature T 
compared with that absolule zero, is given by 
the relationship 

1) 

A//^| / (.r)/r(e) de"- I (1) 

In (I), /~llLexp(A)| 
and the origin of energy has been selected 
such lhal the chemical potential equals 
zero al T - ifK. Using fix) 

( I ) can he i e written ni the toniL 

In '/'j J I Tx) ~ nifi-’ I x)] (ix 
0 

a 

i j iHfii /'.vidxj, (2) 

This form is more convenient than (1) for 
ealeulalional purposes, as the first integral 
can he (riinealcd as /Cx) - c for large a. 

Tor a system with a fixed number of elec- 
trons, equation (2) with A// ^ 0 is an integral 
equation defining the chemical potential at 
temperature T. Ratherlhan solvelhis equation 
directly as previous authors have done [2, 101 
using an iterative/interpolation scheme, we 
may instead find the chemical potential by 
the following procedure. If we take the 
temperature derivative of (1) and then set 
this derivative equal to zero, we obtain the 
differential equation for the chemical potential, 


j xf(x)n{fi-\-Tx) dx 

. (3) 

dT r . 

J f {x]n{fi-i 7x)dx 

-00 

In this equation, f'(x] — --'dfldx and is a 
symmetric, positive function in x. Moreover, 
f is a rapidly decreasing function of \x\ and 
the integrals in (3) may be truncated. In- 
tegrating (3) subject to the boundary condition 
IJiii)) = 0, we then obtain 

/ xf’{x)n{^l{T') + T'x)iix 

^cn =- j 

j r(x)n(^[r) + T'x)iix 
(4) 

In Section 3, we find the chemical potential 
by carrying out the integration specified in 
equation (4) by numerical means, and have 
used equation (2) as a correction term to 
prevent errors in the numerical integration 
from propagating and accumulating. We have 
found generally that the correction term is of 
the order of I per cent or less of the change 
in fx calculated from the first order difference 
approximation to (4) with AT = 20''K. At first 
glance, this procedure seems just as complex 
the direct solution of equation (2). However, 
the integrals appearing in equation (3) are 
already available for the forward integration 
of (4), as the same integrals enter into the 
expressions for the magnetic susceptibility 
and the electronic specific heat. 

The unenhanced susceptibility at zero 
field, is given by the relationship 

QO 

X(T} == 20-~ I f{x)n{e) de (5) 

where is the Bohr magneton and the 
derivative is taken at constant temperature. 
Carrying out the derivative and changing 
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the variable of integration, (5) becomes 

X 

x{T) = 2p^ j f'n(^ + Tx]dx (6) 

~x 

which is just the integral appearing in the 
denominator in (3) multiplied by 2/3^. 

The energy if of the electronic system in 
the approximation being considered here is 
given by the equation 

X 

U= j €«(6)/U)d€, (7) 

— to 

and the specific heat at constant volume, 
C\, = y{T)l\ is defined as the temperature 
derivative of (7). Taking this temperature 
derivative, using equation (3), and changing 
the variable of integration, the coefficient 
y ( T ) can then be expressed as 

GO 

y(7') — j xYn{fi \-Tx] dx 

— 00 

cc 

{/ xfn(fi+Tx)dxy 

. ( 8 ) 

] rn(fi^Tx)dx 

Expressions analogous to (8) appear to 
have first been given by Shimizu [10], but 
(8) differs in two respects. First we have used 
an energy normalized to T as the variable 
of integration, Second, we have chosen the 
zero-point of energy at T equal to the chemical 
potential fiiT). Because of these choices, we 
see immediately that the temperature depen- 
dence of y depends on the density of states 
function through the shifting of the origin by 
fi{T) and the relative stretching of the energy 
scale about this origin by 1/7. While both the 
shifting and stretching give rise to temperature 
dependence in y, the latter appears to give 
rise to the more pronounced and sharper 
changes. 

While y(T) must be (and is) independent of 
the choice of origin, the relative magnitudes 


of the two subtractive terms in (8) are depen- 
dent on this choice. In fact, by an appropriate 
choice of origin, the second term in (8) can 
be made to vanish, as can be seen from the 
equivalent, compact positive expression 

to 

y{T) = I ^x + ^jf(x)n(fi+Tx)dx. (9) 

^00 

Equations (3), (6) and (8) for the quantities 
dfi/dT, xC^J. and yd) respectively form the 
basis for numerical study. Before proceeding, 
it is worthwhile to point out that the integrals 
involve the weighting functions xf\ and 
Jty', functions which are plotted in Fig. 1. 
All these functions decrease exponentially 
for large x and hence the only part of the 
density of states function involved in defining 
the quantities is that part in the neighborhood 
of /x(7). Moreover, the functions /', Jt/', and 
x^f have maximums at x = 0*0, 1-544, and 
2-40 respectively. This means that the three 
basic integrals appearing in the equations 
depend on the density of states in different 
energy regions. 

For instance, the integral for the suscep- 
tibility depends on f and hence the suscep- 
tibility depends most strongly on the density 
of states at pt(T). A look at Fig. I gives us a 
rough guideline that x(T) depends on the 
density of states in the energy range 
fi{T)-2T<€<ti(T)^2T. 

On the other hand, the specific heat depends 
on all three integrals. We have found numeri- 
cally that quite often \d^ldT\ < 1, in which 
case Equation (9) shows that the specific 
heat depends primarily upon the integral 
involving x'^'. Under these circumstances, 
a look at Fig. 1 gives us the guideline that y{T) 
depends upon the density of states in the 
energy ranges fi{T} + T < € < fi(T)'^4'5T 
and fi(T) -4-57 < € < /i(7) -7 and not at 
all on the density of stales in the energy 
region with c ~ fiiT). If d/x/d7 = 0 (a sym- 
metric density of states function), then, 
strictly speaking, y(7) does not depend upon 
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I'lg. 1 The weighting funcijonsmiilliplying the density of 
sUttcs function in the thermodynamic integrals The 
functions /, j\ xj\ and x{f\ as defined in the text, are 
plotted as tiinctions of the normali?ed energy These 
plotted functions show the energy lange(s) of the density 
ol states function which contributes primarily to the 
integials defining the susceptibility, the chemical potential 
temperature derivative, and the specific heat coefficient. 


the density of stales ul the chemical potential 
except for the limiting temperature T ~ 0. 

Similar considerations apply to d/x/dT, and 
the obvious symmetry of the weighting func- 
tions can naturally be taken into account. 

3. PAI.LADIllM 

The normalized specific heat coefficient of 
palladium is shown as the circles in Fig. 2 as 
calculated from the recent results of Miiller 
and Brockhouse( 1 1. Two main features are 
observed in the temperature dependence of 
y{T). First, we observe the sharp decline 
to 0-3 at 100()°K, almost reaching this value, 
in fact, by 60if K. Second, we observe a local 
minimum at 75°-t00°K and a local maximum 
at I50°K superimposed upon this sharp 
decline. 

We interpret this structure in y{T) as 
follows. The sharp decline occurs due to a 
sharp (compared to 600°K) decrease in the 
density of states at an energy TOO^'-SOO^K 
from the chemical potential at absolute zero. 


Moreover, the mean of the density of states 
at ± 1500''K and farther from € ~ 0°K is 0-3 
to 0-4, the exact value depending on the 
magnitude of the chemical potential tempera- 
ture derivative at T = 1000°K. The minimum 
results from a sharp dip in the density of 
states, the width and energy of the dip being 
determined by the requirement that the hump 
in shown in Fig. 1 fits inside this dip at 

75°K. Hence, the dip begins at €= 150°K 
and ends at € - 375°K. In order for the local 
maximum to occur, the density of stales 
function must obtain approximately its value 
at t = 0°K for l^l > 375°K before the sharp 
decrease at \t\ ^ 750^K. The chemical 
potential is, of course, temperature-dependent 
(unless the density of states function is sym- 
metric about 0°K), but this temperature 
dependence changes only the detailed 
numbers (magnitudes and energies of changes 
in the density of slates function) and not the 
general required features. 

With these general features in mind, we 
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Fig. 2. The normalized specific heal coefficient of palla- 
dium as a function of temperature. The circles are the 
specific heat coefficients as calculated from the corre- 
sponding circles in Fig. 3 of [1] 1'he open and closed 
circles are obtained by two different approximations for 
the anharmonic corrections as described In this refer- 
ence. The curves are the theoretically calculated specific 
heal coefficients, the lining in this figure conesponding 
to that in Fig. .T 


have calculated the specific heat coefficient 
for various piecewise linear density of states 
functions, and the results of these calculations 
are shown in Fig. 2. The corresponding den- 
sity of states functions are shown in Fig. 3. 
The corners and the infinite slopes can all be 
smoothed without affecting appreciably the 
calculated results. 

We observe that the local minimum and 
maximum are obtained with a dip in the 
density of states function either above, below, 
or on both sides of the chemical potential at 
absolute zero. There appears no way here to 
determine among these alternatives, and the 
band structure calculations give no indica- 
tion of such a dip (or dips) [15]. Neither do the 
density of stales functions constructed from 
the low temperature alloy y-values and 
the rigid band theory of alloying[2, 1 1]. 
It appears that fine structure, such as the dip 
envisioned here for explaining the anomaly 


in the specific heat y, is washed out of the 
density of stales function in proceeding from 
the element to the alloys [16]. 

The calculated sharp decrease in y{T) with 
T is in rough agreement with the experimental 
results although the curvature is not as large 
in the 300°-600®K temperature range. To 
obtain this curvature, it appears necessary to 
modify the density of states function in the 
following manner. The density of states should 
equal = 0* I at e = - 750°K (just after the large 
drop in the density of states) and then in- 
creasing to its asymptotic value (0*28, 0-50 
and 0*6, depending on which curve in Fig. 3 
we are modifying) at -2500® to -3000°K. 
By this modification, y in the 200M00°K 
temperature range will be decreasing towards 
its asymptotic value of 01. At 400®K, how- 
ever, y begins to sample the increasing density 
of slates at € ^ -2000, and, at T = 1000®K, 
y is relatively insensitive to the density of 
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LNtRGY (^K) 

^ The piccewise'linear density of states funeuons used in the calculation 
ol the specific heat coefficients shown in Eig 9, fhe lining m the density of sfates 
function sliown here and in the specific heat coefficients shown in Fig. 2 corre- 
spond Some of the lines in this figure have been shifted slightly for clarity. The 
number of stales per spin atom between O^K and the obvious top of the band 

.lie ris follows — ~ 0 12. — O' (7,— — "(hi?, and fl-17 I hese values are 

obtained by scaling the relative density of states to I 97 states/eV-aiom at tFK. 
ssincli yields the e.x pen mental yltEK ) - 9*2 mJ/"K'‘-molcl 18) 

slates in the energy range (e| 150(rK, and this tail appears responsible for the differ- 

I Icnee, wc would obtain the correct value for ence between the calculated and experimental 

y at 7 - KXHFK and steepen the slope al y at intermediate temperatures. We conclude 

/ MKTK, which clTeciively increases the that this tail is not present in the density of 
curvature in the appropriate region. There states for the element palladium, 
can he stniefure in the density of states curve While we have been able to adequately 
for 1^1 : • lOOtrK which would not be reflected represent the specific heat results, such is not 
in y{T). For instance, al T - SOtfK, y(7') the case for the paramagnetic, unenhanced 
depends effectively on a thermal smear of susceptibility. The normalized susceptibility, 

the density of states function over the range calculated from the density of states functions 

IW ' |e| ^ 25()(fK, and any fine structure in Fig, 3, decreases to ()'8 at 100“K, remains 

with widths of the order of 20(FK would not relatively constant in the temperature range 
appear in y(/ ) at this temperature. 20(r'-30(TK, and then decreases smoothly to 

[ he rigid band theory of alloying and the =0-52 at lOOtFR. Using an orbital contri- 
low temperature y values of alloys predict bution Xors - 10''‘e.m.u./mole [17], a 

y(7’) for palladium 12, 1 1 1 which decreases temperature-dependent enhancement £(T) 
with increasing temperature and which agrees = [l“/x(7^)]** vvith E(0) = 5*5, and the 
asymptotically with the experimental value scaling in the density of slates necessary to 
at 7’= 2000®K. However, the calculated value obtain y(0), we obtain a calculated suscep- 
is almost a factor of 2 too large at T = SOO^'K. tibility agreeing with the experimental values 
The alloy data give a long-range energy tail [II] at r = 0 and I000°K but differing by a 
to the peak in the density of states function factor of 1/2 in the range 200°-500°K. Shimizu 
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et ai [11] have had the opposite experience 
of being able to fit the susceptibility (except 
for the small maximum at 80°K) but not the 
specific heat coefficient. It thus appears 
impossible to fit both the susceptibility and the 
specific heat coefficient of palladium with one 
density of states function within the assump- 
tions made here. 


REFERENCES 

1 Mlll LFRA P. and BROCKHOUSE B. N., F//ys. 
Rev Lett 20,798 (1968), 

2 HINDLEY N. K. and RHODES P., Rroc. phys. 
Soi 81.717 ( 1963 ), 

3 WI l.SON A. H., In F/ie' 7 hcory of Metals, 2nd Edn 
C hap, 6, University Press, Cambridge (1958). 

4 WOHLFARTH E. P. and CORNWELL J. F., 
rhvs. Rev Lett- 7, 342 (1961). 

5 S TONER E C , Phil Ma^. 25, 899 (1938) 


6. STONER E. C., Proc. Leeds Phil. Lit. Soc. 3, 
403 (1938). 

7. WOHLFARTH E. P., Phil. Mag. 42, 374 (1951). 

8. WOHLFARTH E. P., Proc. phys. Soc 60, 360 
(1948). 

9. ELCOCK E. W., RHODES P. and TEVIOTDALE 

Proc. R. Soc. A22L 53 (1954}. 

10. SHIMIZU M,, TAKAHASHI T and KATSUKI 
A.,J phys, Soc Japan \7, 1740(1962). 

11. SHIMIZU M, TAKAHASHI T. and KATSUKI 
A., J. phys. Soi. Japan 18, 240 (1963). 

12. deLAUNAY J. In Solid State Physics (Edited by 
Seitz and Turnbull), Vol 2, p. 219. Academic 
Press, New York (1956). 

13. GEORGE P. K, and THOMPSON E. D J. Phys. 
Chem. Solids 2^, 25}9 (]%!). 

14. HODGES L. EHRENREICH H. and l.ANG N. 
D,/%r. to. 152,505 (1966). 

15. FREEMAN A. J., FURDYNA A. M. and 
DIMMOCK J. 0 J. appl. Phys. 37, 1256 (1966) 

16. EDWARDS S. F., Proc. phys. Soc. 85, 1 (1 965). 

17. PLACE C, M. and RHODES P., appl. Phys. 39, 
1282(1968). 

18. HOARE F. E. and YATES B.. Proc. R Soc. A240, 
42 (1957) 


4 




J. Phys. Chem. Solids Pcrgamon Press 1969. Vol. 30, pp. 1189-11 95, Printed in Great Britain. 


16'==^ MOSSBAUER EFFECT STUDY OF NEUTRON 
CAPTURE EFFECTS IN PbTe, Te AND Te02* 

J. F. UIXRICHt and D. H. VINCENT 

Department of Nuclear Engineering, University of Michigan, Ann Arbor, Mich. 48104, U.S.A. 

{Received 28 A uf^ust 1 968; in revised form 4 November 1 968) 

Abstract -The Mossbauer emission spectra of in PbTe,Te metal, andTeO^ have been measured 

following neutron capture in Te^^V Mossbauer data for each sample were taken after the source 
irradiation and following thermal annealing. The irradiation conditions were chosen so that only the 
thermal neutron capture induced defects should have a significant effect on the environment of the 
Mossbauer emitting nuclei Comparison of the data taken before and after the source annealing showed 
no differences in linewidth, isomer shift, quadrupole splitting, or resonance intensity within the standard 
deviations of the parameters. I he results show that the thermal neutron capture process in Te*^^ does 
not affect the Te'*^ Mossbauer spectra, The possible reasons for this are discussed. The results also 
indicate that the anomalous isomer shift reported by Stepanov and Aleksandrov in a similar experiment 
on PbTe is probably caused by a high background of fast neutron induced displacements. 


1. INTRODUCTION 

Changes in the structure of Mossbauer emis- 
sion spectra due to the presence of neutron 
capture induced displacements have been 
studied in processes involving both neutron 
activation of the first excited state of the 
Mossbauer nuclide [1-3] and neutron activa- 
tion of an isomeric state parent [4, 5], Because 
of the short lifetime of the first excited state 
of Mossbauer nuclides (I0~“^-10^^sec), 
the neutron activation of this state and the 
Mossbauer measurement must be done simul- 
taneously. Thus, the first type of experiment 
must be done in a neutron beam. However, 
if the Mossbauer nuclide has a long-lived iso- 
meric state, then the neutron activation and 
the Mossbauer measurement can be done at 
diflerent times. In the second type of experi- 
ment the neutron irradiation can be done in- 
pile and the Mossbauer measurement can be 
made at leisure after the irradiation. 

The principle advantage of the second type 
of experiment is that it avoids the usual prob- 

' Research supported by the National Science Founda- 
tion. Gram No. Gk-871. 

^Present address: Scientific Laboratory, Ford Motor 
Company, Dearborn, Michigan 


lems of low neutron intensity and high back- 
ground radiation associated with neutron 
beam experiments. 1'here is one limitation, 
however, in the use of in-pile irradiations 
for investigating radiation effects; the meas- 
urements are restricted to materials with 
defect annealing temperatures greater than 
the reactor irradiation temperature (generally 
50T or higher). This severely limits the 
number of potential experiments. This, of 
course, is not true if low temperature irradi- 
ations are possible; however, low temperature 
irradiation facilities are not available at most 
reactors. 

Sn"® and Te^^^ are two Mossbauer nuclides 
that offer favorable thermal neutron capture 
cross sections, isomeric state half-lives, and 
resonant gamma ray energies for use in the 
second type of experiment. Previous Moss- 
bauer investigations of the effect of neutron 
irradiation on the resonant emission spectra 
of these nuclides have given some evidence of 
recoil induced changes in the electronic con- 
figuration about the emitting nuclei. 

Hannaford et «/.[4] found a small satellite 
peak in the emission spectrum of in 
Mg 2 Sn 04 following neutron activation. The 
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intensity and isomer shift of the satellite 
peak indicated that approximately 25 per cent 
of the Sn atoms had suffered a recoil induced 
valency change. The valency change was 
clearly shown to be attributable to neutron 
capture induced displacements. 

Stepanov and Aleksandrov (.^| recently re- 
ported a Mdssbauer measurement on Te’'’‘ 
in PbTe following neutron activation. The 
measurement showed an anomalous isomer 
shift. The PbTe source measured against a 
PbTe absorber had an isomer shift of 1 -7 mm/ 
sec (measured 20 days after the end of the 
irradiation) when, in fact, there should be 
no isomer shift if the source and absorber are 
chemically identical. The anomalous isomer 
shift indicated that the \-eleclron configuration 
of the PbTe source had been altered by the 
irradiation. The anomalous isomer shift was 
observed to decrease exponentially with time 
with a mean life of 10 ± 3 days. This indicated 
that the defect structure was annealed at room 
icmpcralure. 

I'hc measurements reported in this paper 
were also done on Te'“'' following neutron 
activation. In addition to a measurement on 
Pb'Fe, mcasiirements were also made on Tc 
metal and 'lc(T. Mossbauer measurements 
were made on each of the three materials 
following the source irradiation and then 
following thermal annealing of the same 
source. The two spectra were then compared 
to sec if there were any changes in the hyper- 
fine spectra caused by neutron capture in- 
duced displacements. 

Contrary to the results of Stepanov and 
Aleksandrov the Mossbauer spectrum for 
Pblc reported in this paper showed no 
anomalous isomer shift after the neutron irra- 
diation. In fact, no changes were observed 
in the hyperfinc spectra of any of the three 
materials. 

rhe difference between these results for 
PbTe and those of Stepanov and Aleksandrov 
yields considerable insight into the defect 
mechanisms involved. The measurements re- 
ported in this paper were made with irradi- 


ation conditions chosen so that the Mossbauer 
spectra should only be affected by displace- 
ments caused by the thermal neutron capture 
process. The results indicate that the thermal 
neutron capture process in Te^^'* does not have 
an effect on the Mdssbauer spectra of the 
Te’“'’. In conclusion, the anomaly observed by 
Stepanov and Aleksandrov in PbTe is prob- 
ably the result of a high concentration of 
displacements induced by mechanisms other 
than thermal neutron capture. The most 
likely mechanism is fast neutron elastic 
scattering. 

2. RADIATION EFFECTS 

The Mdssbauer isomeric slate parent 
Tc‘“’"'(58i/) is produced by thermal neutron 
capture in Te*’^^ (i.e. Te‘^^ +nth Te'^'^"* 
+ 7 ), The Te'“-*"' nucleus can be introduced 
into the lattice as a defect if the recoil energy 
from the (u, 7 )-reaction is greater than the 
minimum energy for displacement, E,i, 
which is typically of the order of 25 eV. The 
recoil energy arises from the emission of the 
6*4 MeV of excitation energy of by 
'prompt' gamma rays. By conservation of 
momentum the emitted gamma rays impart 
kinetic energy to the emitting nucleus. 

A calculation of the mean recoil energy re- 
quires knowledge of the gamma rays emitted 
in the de-excitation process, including their 
energies, emission probabilities, and time 
and angular correlation. Unfortunatley the 
capture gamma ray energy spectrum has not 
been measured for neutron capture in 
therefore the mean recoil energy cannot be 
accurately estimated. 

In general the mean recoil energy for cap- 
ture gamma ray emission is low (of the order 
of K,/). I his means that the number of dis- 
placed atoms produced per thermal neutron 
captured is small; subsequently, the number of 
possible defect configuration is small. This is 
a particularly nice feature for Mossbauer 
measurements since the resultant Mdssbauer 
spectrum is a weighted sum of the spectra 
characteristic of each defect configuration. 
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The isolation of displacements which are 
induced specifically by thermal neutrons is 
often very difficult when doing in-pile irradia- 
tions. This is due to the ‘background' effects 
caused by displacements due to other recoil 
processes. All of the types of radiation present 
in a reactor (i.e. fast neutrons, gamma rays, 
etc.) can produce displacements through 
either scattering processes or nuclear reac- 
tions. For most elements the ratio of defects 
produced by thermal neutron capture to those 
produced by fast neutron scattering is less 
than one [6]. Thus, fast neutrons are usually 
responsible for most of the radiation effects 
observed with in-pile irradiations. 

Under some conditions the Mossbauer 
effect measurement provides a means of 
separating displacements due to thermal 
neutron capture from those arising from fast 
neutrons and other sources. This is possible 
because the characteristic hyperfine inter- 
actions are, for the most part, only influenced 
by the local’ electronic environment (atomic 
electrons and first few near neighbour atoms). 

The fraction of the resonant emissions 
which have hyperfine structure character- 
istic of a defect environment is related to the 
probability that a defect is within the local' 
environment of an emitting nucleus. For 
defects produced by thermal neutron capture 
this probability should be nearly equal to 1 
since the emitting nucleus itself is in a defect 
position. On the other hand, defects produced 
by other types of radiation are randomly 
located with respect to the emitting nuclei. 
Hence the probability that these defects 
are within the local’ environment of an emit- 
ting nucleus is of the order of the ratio of the 
defect density to the appropriate atomic 
density.* 

In order to minimize the effect of displace- 
ments caused by other types of radiation, 

* { he atomic density used here must take into account 
the range of the hypeif ne interactions (referred to as the 
'local' environment). This density will be smaller than 
the number density of atoms for long range interactions 
and will approach the number density for short range in- 
teractions (hyperfine interactions affected only by the 
atomic electrons), 


the density of defects must be kept much less 
than the number density of atoms. Since the 
defect density is a linear function of the total 
radiation dose (in the absence of self anneal- 
ing), it is possible to minimize the effect of 
undesirable displacements by proper choice 
of irradiation fluxes and times. 

The measurements reported in this paper 
were carried out under conditions where the 
thermal neutron capture effects played a 
dominant role. Fast neutron scattering was 
the principal source of additional displace- 
ments; however, the estimated density of 
these displacements was ~ 10''‘-10"^ of the 
tellurium atom density. Thus, the fraction of 
Mossbauer emitting nuclei which are in close 
proximity to a fast neutron displaced atom is 
very small. The fast neutron induced dis- 
placements then should have little effect on 
the Mossbauer spectra. 

3. EXPERIMENTAL PROCEDURE 
{A) Sources and absorbers 

The PbTe, Te metal and Te02 used in the 
measurements as sources were prepared from 
Tc enriched to 94 per cent in Te'^''. The PbTet 
and Te metal powders were pressed into thin 
discs and then sintered in a hydrogen atmos- 
phere at 550°C for 3 hr and 350°C for 6 hr, 
respectively. The TeO^ was prepared from 
nitric acid solution following the procedure of 
Marshall!?]. This procedure results in Te02 
with the tetragonal crystal structure. The 
structures of the materials were all veri- 
fied by X-ray diffraction measurement. 

The materials to be used as sources were 
irradiated in the Ford Nuclear Reactor. 
Samples were generally irradiated in fluxes 
of 10*2-10^*'^ neutrons/cm^-sec for periods 
of 10-15 days. The total thermal neutron 
doses for the PbTe, Te and TeO^ samples 
reported on in this paper were 8xl0^S 9x10'^ 
and 8x10'” ncutron/cm^ respectively. The 
fast neutron doses were a factor of 1 2 lower. 


tPrepured by New Englaad Nuclear C'orp.. Boslon, 
Mass. 
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The sample temperatures during the irradi- 
ation were measured to be '-45^C, 

After the Mdssbauer measurement was 
made following the source irradiation, the 
sources were all annealed to restore any dis- 
placed atoms to normal lattice sites. The PbTe 
and Te sources were annealed in a hydrogen 
atmosphere at 4(X)°C for 1 1 hr and 350°C 
for 12 hr, respectively. The TeOx was dis- 
solved in HNO;, and recrystallized following 
the procedure in the initial preparation. 

The Mossbauer measurements for PbTe 
and Te were made using a single line absorber 
of PbTe (17-5mg/cm2) enriched to 95 per 
cent in Te*’^\ The measurements for TeO^ 
were made using a single line absorber of 
Te{OH)B {39mg/cm^) with a natural abun- 
dance of Te^'-^MT per cent). 

(B) Apparatus 

The Mossbauer measurements were made 
using the 35-6 keV gamma ray resonance 
in Te’^^ Details of the decay scheme and the 
relevant Mossbauer parameters have pre- 
viously been reported [HJ. 

The 35-6 keV gamma rays were detected 
using a xenon-nitrogen filled proportional 
counter. With this detector the 35*6 keV 
gamma ray is only partially resolved from the 
intense background due to the Te Ka und 
X-rays at 27-4 and 31*2keV. The gamma 
ray can best be discriminated by using the 
escape peak at 7 ()keV. All measurements 
were made with the single channel analyzer 
set at the escape peak energy. 

The signal-to- noise ratio of the escape peak 
was further improved by using a 5 mil copper 
(113mg/cm^) absorber to reduce the X-ray 
intensity. This increased the signal-to-noise 
ratio by a factor of 3*5 with only a factor of 
0*33 reduction in the count rate. The 8*0 keV 
copper X-rays which are generated in this 
absorber are almost completely absorbed in 
the 20 mil aluminum window on the propor- 
tional counter. 

The resonant absorption spectra were taken 
using a time mode Mdssbauer spectrometer. 


The multichannel analyzer was calibrated 
using the magnetic hyperfine spectrum 
of Fe®^ in iron metal. Calibration runs were 
made before and after each Te run to check 
the constancy of the equipment. 

The source and absorber were both cooled 
to liquid nitrogen temperature in a styrofoam 
insulated dewar similar to the one described 
by DeWaard et aL[9]. The source and 
absorber temperatures were not externally 
controlled and were generally 82°K. 

4. RESULTS 

The results of the measurements on PbTe, 
Te and TeO^ are shown in Fig. 1. The data 
points shown are those taken in the Mdssbauer 
measurements immediately following the 



Fig. I. Resonance absorption spectra taken before and 
after source annealing for: (a) PbTe; (b) Te metal; (c) 
TeO,. 
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irradiations. The solid line is the least squares 
fit to the data with an assumed spectral shape. 
A single line of Lorentzian shape was fit to 
the PbTc spectrum and two lines of Lorentzian 
shape (quadrupole split) were fit to the Te 
and TeOz spectra. 

The spectra characteristic of the normal 
lattices were obtained after treating the 
sources to restore any displaced atoms to 
normal lattice sites. The results of the curve 
fitting to the Mdssbauer spectra taken after 
annealing are shown in Fig. 1 , by the dashed 
lines. 

The parameters obtained from the least 
squares fit to the spectra taken before and 
after annealing are listed in Table 1. The 
standard deviations of the parameters listed 
in the table are calculated from the error 


contribution due to variations in experimental 
conditions. Several experimental factors can 
have a significant effect on the measured 
resonance intensity. These include the detec' 
tor signal'to-noise ratio, the source and 
absorber temperature, and the experimental 
geometry. An accurate comparison of reson- 
ance intensities for two different runs requires 
that these factors not only remain stable 
during the course of each run but be exactly 
reproducible for each run. In both respects 
the conditions for our experiments were not 
the most desirable. Runs were generally of 
the order of 4-5 days in duration; this, of 
course, put a limitation on the temperature 
and electronic stability. In addition, the 
samples had to be removed between runs for 
annealing; this made exact reproducibility 


Table I . Parameters obtained from the least squares fit to the (fata of Fi^. I 


Quadrupole 


Source 


Linewidlh 

(mm/sec) 

Isomer shift* 
(mm/sec) 

splitting 

(mm/sec) 

Resonance 

intensiiyt 

PbTe 

-Pre-anneal ' 

9 60 ±0-23 

007 ±005 

0 

0-0324 + C-0003 


Post-anneal 

9-58 + 0-22 

003 + 004 

0 

0-03.51 ±0 0003 

Te 

-Pre-anneal 

9-07±0”24 

-044 ±008 

7-51 ±0-14 

0-0197 ±00004 


Post- anneal 

8-83i:0-26 

-0-41 ±009 

7-35±0-t5 

0-0221 ±0-0005 

TeO, 

- Prc-anncal 

6-42 ±0 12 

-1-98 ±004 

6-72±0-ll 

00226 ± 0-0002 


Post-annea! 

6 49±0I2 

-iy9±0()4 

6 89±0-ll 

0-0219 ±0-0002 


^Shift relative to PbTe for the PbTe andTe source and Te(OH),j for theTcO^ source, 
t Maximum resonance intensity uncorrected fot background. 


matrix generated in the final iteration of the 
least squares fitting routine. It is apparent 
from this tabulation that the linewidth, the 
isomer shift and the quadrupole splitting for 
the three materials are identical in the two 
runs within the standard deviations of the 
parameters. 

rhe only parameter which shows a signifi- 
cant variation between runs is the resonance 
intensity. In all cases the variation in resonance 
intensity (3-11 per cent) is greater than the 
standard deviation in the intensity parameter 
(1-2 per cent). However, this standard 
deviation reflects only the statistical uncer- 
tainty in the fitting and does not include a 


of all conditions difficult. A careful analysis 
of the stability and reproducibility of all the 
previously mentioned factors for our measure- 
ments indicates that the experimental un- 
certainty in the resonance intensity amounts 
to about 10 per cent. 

As a result, the observed variations in the 
resonance intensity are only of the order of 
the uncertainty in the measured intensity. 
To see if the variations in resonance intensity 
for each material were reproducible, the sets 
of measurements were repeated using new 
sources. This second set of measurements 
for each material (only the measurements with 
the best statistics are reported in this paper) 
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did not show the same variation in resonance 
intensity as the first set. In all cases the 
magnitude of the change was ditferent and in 
one case even the direction of the change 
was different. Again, as in the first set of 
measurements, the resonance intensity 
changes ranged up to about 10 per cent. 

From this evidence we conclude that if 
there are any f value changes in any of the 
materials due to the source irradiation, the 
change is certainly less than 10 per cent of 
the normal / value. To determine whether 
or not there indeed is a real / value change 
would require that the experimental con- 
ditions be much better controlled than in our 
measurements. 

The quadrupole splittings for Te and TeO.^ 
obtained in our measurements are in agree- 
ment with previously reported values. All 
previous results, except fora recent measure- 
ment by Pasternak and BukshpanllO], are 
summarized in a paper by Violet and Booth 
111). For comparison with previous results, 
the values obtained for the quadrupole splitting 
in our measurements are 0’75 ±0-01 cm/sec 
and (I■69±(}■(M cm/scc"^ for Te metal and 
TeO.., respectively. 

To compare isomer shifts with the values 
tabulated by Violet and Booth, our values 
have all been referred to a Te source. With 
respect to a l e source, the isomer shifts arc 
- 0 04 ±0-01 cm/sec and -H0-02±0-0l cm/sec 
for PbTe and f eCTt, respectively. The isomer 
shift for Te(>; agrees with the value obtained 
by Violet and Booth; however the isomer shift 
for PbTe is less than the value reported by 
Stepanov ci al.\\2\. 

5. IMSniSSION 

Our measurements show no clearly 
resolved changes in the Mossbauer hyperfine 

'*'7 he values quoted here arc the average values obtained 
from several runs 

1 1 he I eO. isomer shift was obtained by combining the 
results repoited in this paper with an additional measure- 
ment with a PbTe source and Te(()H)6 absorber which 
showed an isomer shift of-0‘ 13 ± 0 01 cm/sec 


spectra of Te*^® which could be attributed to 
neutron capture induced recoils. There are 
several possible explanations for the lack of 
any observable effects; however, it is difficult 
to establish any conclusive explanation due to 
the lack of supplemental information. 

First, the changes in the hyperfine structure 
may be too small to be resolved. The broad 
lines of the Te*^'^ resonance, of course, make 
observation of small changes in the hyper- 
fine spectra very difficult. It is also very diffi- 
cult to theoretically predict the isomer shift 
and electric quadrupole splitting that might 
occur for various possible defect configura- 
Uons. 

Second, there may be insufficient recoil 
energy on the average to displace the atoms 
from their normal lattice sites. 

Third, defect annealing may occur at the 
reactor irradiation temperature of 45°C. 
Previous measurements indicate that such 
annealing probably does occur in Te metal, 
but definitely not in PbTe. A study of electron 
bombardment effects onTe metal showed that 
the defects anneal fairly rapidly even at room 
temperature [13]. Rather extensive measure- 
ments of the Hall coefficient, the Seebeck 
coefficient, the electrical resistivity and the 
thermal conductivity of PbTe both during and 
following thermal and fast neutron irradiation 
show little annealing below temperatures 

l50Tfl4, 15]. There are no previous 
measurements of radiation effects in TcOo. 

It is quite clear from our results that the 
thermal neutron capture process in Te*^"* 
does not lead to any significant changes in 
the Mossbauer hyperfine spectra. The PbTe 
data, in particular, give evidence that the 
isomer shift anomaly observed by Stepanov 
and Aleksandrov is probably caused by dis- 
placements induced by other types of reactor 
radiation. All the measurements reported 
in this paper were made within approximately 
three weeks after the end of the irradiation. 
Using Stepanov and Aleksandrov’s annealing 
curve, an isomer shift of at least 1-5 mm/sec 
should have been observed if the anomaly was 
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caused by neutron capture induced recoils. 

The most likely cause of the isomer 
shift anomaly observed by Stepanov and 
Aleksandrov is fast neutron induced displace- 
ments. No information is given on the fast 
neutron flux used in their irradiation; how- 
ever, if it is assumed that the fast flux is 
the magnitude of the thermal flux quoted in 
their paper and that there is no saturation 
of defects, the Te defect density could be as 
large as 5 the Te atomic density. Thus the 
Stepanov and Aleksandrov measurement 
seems to have been carried out under 
irradiation conditions where 'background' 
displacements have a high enough density to 
significantly affect the Mossbauer spectrum. 
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THE HIGH TEMPERATURE ELASTIC MODULI OF 
ALUMINUM* 

D. GERLICHt and E. S. nSHER 
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{Received 4 November 1968) 

Abstract -Measurements of the elastic moduli of aluminum over the temperature range 300“-93(fK 
are reported. These data together with those reported for T < 300®K, show that all elastic moduli, 
including the shear moduli, vary smoothly with the temperature, up to the mellmg point, in contrast to 
other measurements at lower ultrasonic frequencies. From the data, a high temperature Griineisen 
constant of 217 is calculated. The temperature dependence of the shear moduli at room temperature 
IS calculated from Leigh’s model, and the results of this calculation are compared with the experi- 
mentally determined data, and with the pressure dependence of the elastic moduli. 

INTRODUCTION [5], In the present work that part of the 

Many of the thcrmoelasttc properties of temperature dependence of the shear moduli 

aluminum have been measured over the past which is not caused by thermal expansion is 

several years, and a number of measurements quantitatively compared with calculations 

of the elastic moduli have been reported [I -3]. based on Leigh’s model and with parameters 

Of the latter measurements, Sutton’s data[l] derived from the pressure dependence of the 

cover the temperature range up to 500°C. elastic moduli. 

These measurements were done by the com- 
posite oscillator method, at a relatively low EXPERIMENTAL TECHNIQUES 

frequency (50kc/sec), and are partially in- The aluminum single crystals used in the 
consistent with- the measurements of Kamm present work were grown by the Bridgeman 

and Alers(2]. As such measurements are method, from stock of at least 99-999 per cent 

sensitive to sample geometry and, also, might purity. The single crystal boules were oriented 

be affected by dislocation motion, there is by back reflection Laue X-ray diffraction, 

an interest in measuring the high tempera- mounted in lapping rings, and ground down 

ture elastic moduli of aluminum by an ultra- to size. Since pure aluminum has a tendency 

sonic technique at much higher frequencies, towards recrystallization at relatively low 

carrying the measurements up to near the temperatures, great care was exercised in 

melting point of the material. order to minimize the degree and depth of 

In Leigh’s theoretical calculation of the cold worked metal. The specimens were first 

shear moduli of aluminum [4], it was shown machine lapped then hand lapped with I5/x 

that the elastically isotropic character is due diamond powder. Following this the surfaces 

to the electron overlap over the hexagonal were etched to remove all manifestations of 

faces in the Brillouin zone. This model has cold work indicated by the Laue technique 

served as a basis for interpreting the pressure and finally hand lapped flat and parallel with 

dependence of the shear moduli of aluminum 3 /x diamond powder. After each experimental 

run the specimen was etched, examined for 

sponsored by the U.s. Atomic Energy Commis- presence of new grains and then the surfaces 

^Permanent address: Physics Deparimeni. Tel Aviv werc refinishedfor the next measurement. The 
University. Ramat Aviv, Israel. Specimens used for the present work were in 
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the shape of a button 2-3 mm thick and 5-6 
mm lateral dimensions. Thicknesses were 
measured to within 0-01 per cent accuracy. 
Two sets of samples were prepared; one set 
with faces corresponding to a ( 1 1 0) crystalline 
plane and the other set with faces correspond- 
ing to a ( 1 00) crystalline plane. 

The elastic moduli were determined by 
measuring the ultrasonic wave velocities of 
longitudinal and shear waves in different 
crystalline directions. The waves were 
generated by crystalline quartz transducers, 
X cut for the longitudinal waves, Y cut for 
shear waves. The wave frequencies varied 
from 48 to 54 Mc/sec for the longitudinal 
waves and between 18 and 22 Mc/sec for 
the shear waves. 

The wave velocity was determined by the 
phase comparison technique 1 6), using a 
fused silica bufl'er rod. The sample was 
bonded to the lop of the buffer rod with a 
phenolic rcsm(71 and a furnace placed around 
the sample and the upper part of the buffer 
rod. The transducer was alt ached to the lower 
end of the buft'er rod, thus remaining at room 
lemperalure during the whole course of the 
measurement. Temperatures were monitored 
with a chromel-alume! thermocouple. The 
whole assembly was placed in an evacuated 
bell jar prior to I he start of the measurements. 

With the available crystalline directions, 
the sound velocity in five different propagation 
modes could be determined, The displacement 
and propagation directions together with the 


relations of the sound velocity to the three 
elastic moduli c'n, c, 2 , and Cu, are described in 
Table 1. Also defined in the same table are 
the longitudinal modulus C/., and two shear 
moduli C\ and C'. From the five experi- 
mentally determined velocities, i;, to the 
three elastic moduli Cu, and C 44 , were 
computed by a least square fit. 

In the phase comparison method, the sound 
velocity v, at temperature T, is given by; 

v=^2JfJ(n+<l>l27r) ( 1 ) 

where f„ is the resonant frequency, n the 
number of wavelengths of the sound in the 
sample, / the length of the sound path, and 
the phase angle between the incident and 
reffecled sound waves. 1 he phase angle was 
assumed to be insignificant in the present 
compution. In view of close agreement 
between our measurements at 300°K and those 
of Kamm and AIers[2] and Schmunk and 
Smith [5), the error in neglecting <^/27r is 
probably less than 0'2 per cent. 

A stiffness modulus at a given temperature 
is obtained from the relation: 

pv'^ = (■ = r,)(/o//) (/„//„")“ (2) 

where p is the mass density and hh 9ndy„‘^ 
are values measured at 293‘^K. Thus by 
measuring /„ as a function of temperature for 
a constant n, the elastic moduli as a function 
of temperature may be evaluated. 


Table 1. Different available propagation modes, and the relation of 
their sound velocity to elastic moduli 


Velocity Piopagaiion Particle motion Relation of velocity 

tiiiecluui direction to etailic moduli 
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RESULTS 

The fjfn^ ratios as a function of tempera- 
ture for the five different propagation modes, 
are shown in Figs. 1-3. The values of the 
elastic moduli, and the bulk modulus were 
calculated from the smoothed curves drawn 
through the experimental points in Figs. 1-3, 



Fijj; I Resonance frequency as a function of remperature 
for longitudinal waves in the [110] direction 



TEMPERATURE, “K 

Pig 2. Resonance frequency as a function of temperatures 
for the two shear waves in the [ 1 10] direction 



TEMPERATURE. "K 

Fig 3. Resonance frequency as a function of temperature 
for longitudinal and shear waves in the [I00| direction. 

the absolute values of the elastic moduli at 
293°K, and the thermal expansion data given 
by Touk)kian[8]. The values of the moduli 
listed in Table 2 were obtained from a least 
square fit. A value of 2-697 g/cm^ was used 
for the 293°K density. It is interesting to 
note that all elastic moduli vary smoothly 
over the whole temperature range up to 3°K 
below the melting point. No abrupt change 
in the shear moduli close to the melting point 
could be detected. 

In order to check the internal consistency 
of the data, two separate sets of elastic moduli 
were computed from the experimental data. 
One set was determined from the velocities 
^ 1 , and while the second set was cal- 
culated from the velocities and p.v 

Denoting these two sets of moduli by < Ij and 
Cii and denoting the moduli obtained from the 
least square fit by the quantities AcJc,j 
and Ac'IJcij were calculated as a function of 
the temperature. Here, 

(3a) 

Ac;;=c,-c;;. (3b) 
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Table 2. Numerical values c?/Cn, Ci 2 » C 44 , and 
B, as a function of temperature (Units are 
I()"dyn/cm2) 


Temp, 

CK) 



t ■»< 

B 

y)} 

10‘64M 

6-039 

2-828 

7-576 

300 

10-643 

6-035 

2-821 

7-571 

325 

10 567 

6-012 

2-795 

7-530 

35() 

10-4S9 

.5 992 

2-762 

7-491 

t75 

10-3M4 

5-971 

2-726 

7 445 

400 

10‘2M7 

5-950 

2-687 

7-399 

425 

(0IM5 

5-930 

2-649 

7-3.52 

450 

10-086 

5-905 

2-6)2 

7-29^3 

475 

9-983 

5 883 

2 574 

7-250 

5(K) 

9 880 

5-862 

2 532 

7 201 

525 

9-772 

5 -839 

2 493 

7- 1 50 

550 

9-663 

5-808 

2 453 

7 093 

575 

9-5(4) 

5 782 

2 413 

7 041 

1>(K) 

9-457 

5 758 

2-372 

6-991 

625 

9-348 

5 724 

2 332 

6-932 

650 

9-239 

5 7(K) 

2-291 

6 880 

(J5 

9-m 

5 676 

2 248 

6-829 

7(K) 

9-021 

5 M2 

2 205 

6 769 

725 

8-916 

5 615 

2 162 

6 7)5 

750 

8 806 

5-5K6 

2 1:0 

6 659 

775 

8-694 

5 -sot) 

2 076 

6-(4]5 

8(K) 

8 580 

5 527 

2-032 

6 545 

S25 

8-458 

5 494 

1 9H9 

6-482 

H50 

8 334 

5 460 

1 945 

6 418 

K75 

8 211 

5 427 

1 9(M) 

6 355 

0(10 

8 OKI 

5 VP 

1 855 

6 2HK 

M2 5 

7 -9 SO 

1S9 

1 8)0 

6-223 


The miignilude of the quantities Ar,j/( ,j, and 
Ar"j/( ,, indicaies the consistency of the data. 
I'hey arc shown as a function of the tempera- 
ture in Fig. 4. As can he seen, the deviations 
are of the order ol i per cent or less. 

I he results for ('/, (\ and C\ together with 
the low temperature data|2,31 and Sutton's 
datafU, arc plotted in Figs. ^-1. As can be 
seen, the present results agree .t ry well with 
the low temperature data and *\ith Sutton’s 
data for C, and C'. They disagree completely, 
however, with Sutton’s C) results. 

Several investigators have reported large 
variations in the value of Young’s modulus 
for aluminum that are caused by dislocation 
motion in polygoni/ed polycrystalline material 
(9, ] 0 |. The high degree of consistency 
hetween the velocities measured for the five 



hi^. 4. Consistency of experimental data over the 
measured temperature range 



different modes indicates that dislocation 
motion effects in the present measurernents 
were not significant. 

DISCUSSION 

From the values of the high temperature 
elastic moduli, the Griineisen constant, 

y = {3aB'Vviy) 


(6) 
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hig. 6 Comparison of present data with others for C. 
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hig 7 ('ompanson of present data with others for C. 

may be calculated. Here a is the linear thermal 
expansion coefficient, the isothermal bulk 
modulus, Cl the specific heat at constant 
volume and V the volume. The high tempera- 
ture C| data were taken from [8] and a was 
computed by fitting a second degree poly- 
nomial to the high temperature expansivity 
data[8J. The value of y of 217 agrees very 


well with the high temperature limiting value 
>// of 2-27 determined from the third order 
elastic moduii[ll]. 

The shear moduli C and C' for aluminum 
have been calculated theoretically by Leigh 
[4]. He represents C and C' as a sum of the 
form 

C = Cg -h C/,- = C^-j T C^’ii (7a) 
c = c;-fc;. = c;^+c;,+c;„ (7b) 

where E is the Coulombic contribution, F the 
Fermi energy contribution, FI the Fermi 
energy contribution from the filled first 
Brillouin zone and FI I the Fermi energy 
contribution from the overlap electrons. The 
form of the individual terms appearing in 
equations (7a), and (7b) is shown in Table 3. 
Here a is the lattice parameter, e the electronic 
charge, Z the numerical density of the valence 
electrons in the cell, the effective mass of 
the valence electrons, ( I *03 electronic masses 
fl2]), n the atomic volume, /J/, and the 
number of electrons per atom in the second 
Brillouin zone overlapping a pair of hexagonal 
and square faces respectively, /V/, and 
the corresponding densities of stales at the 
Fermi level and F,( and the average energies 
over the hexagonal and square faces. 

From the values of C C\ the Fermi energy 

and the density of states /Vl^o) at the Fermi 
energy, the parameters appearing in his model 
may now be determined, following the same 
procedure as Leigh's [4J. The value of is 
obtained either from soft X-ray absorption 
measurements [13], or from the free electron 
gas model, both methods yielding ILSeV, 


Table 3. The form of the incliviclual contribution to the shear 
moduli C and C 

E E\ EU 

C 0 9479Z'/7(211«) 

C 0-l058ZV-/(2Jk) ;r/(3m*u=) 
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N(io) is evaluated from the electronic specific 
heat[l41, its value being ()'592 per eV per 
atom. As Leigh’s calculation applies only to 
0°K the athermal values of C and C should 
be usedfl5J. These quantities, obtained by 
extrapolating to (fK from the high tempera- 
ture portion of the curves in Figs. 6 and 7 
are shown in Table 4. The values of the para- 
meters appearing in l.eigh’s model, as cal- 
culated from the above quantities, are shown 
in 'Fable 5 together with values of the same 
parameters as determined from an energy 
band calculation for aluminum[l2]. As can 
be seen, the agreement between the two sets 
of data is quite good. From the values of the 
parameters shown in Fable 5 the individual 
contributions to C and C' are evaluated and 
arc shown in I'able b. 


lir 



, X" V ± . [ I _ J .. . 1 _ ..J J 

0 lOO c‘(Ki VH) 'ICX,! bOO W bOO '>00 logo 

iLMHf “K 


S, Anisoiuiry r.ilio os ^ runctinn ol icmpt’roiuiL’, 


I'ahlc 4. Athermal values of 
the shear majali ( Units are 
Ul" dyn/cm") 


( (" 

t to 2 '54 


Table 6. Values of the individual contributions 
to C and C (Units are 10^* dyn/cm^) 



C 

C 

Coulomb (b) 

11-473 

1-281 

hermi full zone 

4-633 

1-544 

hexagonal overlap 

-13 021 

5-881 

square overlap 

0-216 

-5-829 

Net Fermi (F) 

-H-172 

1 596 

F + F 

3-301 

2-877 


As can be seen from Table 6, the Coulom- 
bic contribution to C and C' is strongly 
anisotropic, the near isotropy of aluminum 
being caused by the Fermi energy contribu- 
tions[4|. The anisotropy ratio A — 2c.J 
(cii — c^o) as a function of temperature is 
shown in Fig. 8. There is a remarkable change 
in the temperature dependence of A near 
200°K. In terms of Leigh’s model this suggests 
that the Fermi energy contribution decreases 
relative to the Coulombic contribution with 
increasing temperature. More specifically, 
il suggests that the contribution from the 
overlap on the square faces increases relative 
to that from the hexagonal faces, thus causing 
C to decrease fasler than C as the lempera- 
lure increases above 20()°K. 

Fhe esperimenially measured temperature 
coelficients of the elastic moduli are a sum 
of an explicit and implicit temperature depen- 
dencell6|. where the implicit dependence 
is caused by the change in volume with 
lempeiaturc: 



( 8 ) 


Table 5. Values of the parameters appearing in Leigh's mode! as obtained from 
experimentiil measurements and hand calculations 



F. 


Hh 

F, 


n, 


/ (eV) 

(eV* atom) ' 

(atom) ' 

(eV) 

(eV* alom)"^ 

(atom)' ‘ 

hxperimenlal 

7 9 0 

0 130 

0-243 

11-2 

0-024 

0-010 

Band calculation 

9'« 

0-122 

0 228 

11-0 

0 029 

0-024 
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where P is the pressure, 5^ the isothermal 
bulk modulus. The second term on the right 
hand is the part due to the volume change. 
The values of the experimentally observed 
temperature coefficients and the calculated 
explicit and implicit contributions at 300° 
and 900°K for aluminum, as well as the same 
parameters for copper, silver, and goldfl 7, 18], 
at 30()°K, are given in Table 7. Here, total 
denotes 


explicit 


/ d In c,A 
\ <iT I, 


and implicit 


d In c 

'W 




seems that the increase in the anisotropy 
ratio, A, with temperature is caused then by 
the large intrinsic change in C', rather than 
the effects of the volume increase. As men- 
tioned above, these intrinsic changes may be 
associated with a temperature dependence 
in nn and n». If we assume that of all the 
parameters appearing in Leigh's model, only 
A//, and depend explicitly on 
temperature, and that the temperature 
dependence is the same as for the free 
electron gas[I9],i.e. 


E = 


6P 


N OC £>'2 


(9a) 

(9b) 


then from equations (7a) and (7b) the follow- 
ing expressions for the explicit temperature 
dependence of C and C are obtained: 


The explicit and implicit temperature co- 
efficients for B, C and C' are plotted in Fig. 9. 
These values were obtained from the slopes 
of the B, C and C' vs. temperature curves and 
the values [5] of dBIdP, dC/dT and dC7dT, 
assuming the latter to be temperature in- 
dependent. It is interesting to note that 
whde («MnC7f^7')r and {d\r\ClBT)y are 
negative over the whole range 0°-900°K 
(a In B|()T)^ remains positive throughout 
as in copper silver and gold[l7, 18], but is of 
relatively small magnitude and decreases with 
increasing temperature. 

It is also to be noted that the temperature 
dependence of C of /I I due to the volume 
change is about 3 times as large as the intrin- 
sic change in C at For C\ however, 

the volume change contribution is only about 
1*2 times the intrinsic change at 300° and 
900°K. The relatively large intrinsic contribu- 
tion to as compared to C and B, is consis- 
tent with that observed in copper, silver and 
gold. 

Since the volume change contributions to 
C and C are about the same (Fig. 9), it 


31 

3C 

3T 


'K 

40N, 2n, 


(10a) 


9 £, 

) 611 

'8h* 

2n, , \ 

ttVT 

(10b) 

— 

7 

6ft ' 


Introducing the values of the parameters 
from Table 5 into the above equations the 
numerical values for (O In ClBT) and (r) In C'j 
3T) at 300°K are obtained, as shown in Table 
8. Also shown in the same table are the 
results of a more elaborate calculation, based 
on similar assumptions, reported by Bernstein 
[20). As can be seen, there is a large dis- 
crepancy between the theoretically calculated 
and the experimentally measured explicit 
temperature dependence of the shear moduli 
(Table 7). The calculations show a positive 
temperature dependence for both shear 
moduli. Furthermore, the relative magnitudes 
for C and C' are reversed. 

The many simplifying assumptions that 
appear in the above calculations are possibly 
responsible for the failure of Leigh’s model 
to explain the explicit contributions to the 
temperature dependence of C and On the 
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Table 1. The values of 




for Al, Cu, Ag and Au, at 300°K 
{Units are 10"** deg"M 



Al 

Cu 

Ag 

Au 

Total, C 

'5-24 

-9-78(900°K) 

-3-68 

-4*02 

-2 ‘98 

Explicit, C 

-1-28 

-2-90(9(KrK) 

-1-64 

-115 

-001 

Implicit, C 

-6-8H(9(MrK) 

-2 04 

“2’87 

-2*97 

Explicit 

Implicit’ 

0-32 

()'42(9(XrK) 

080 

0-40 

0 003 

lolal.C' 

-12 10t9{KrK) 

-4-26 

-4 02 

-2 98 

I xphcit. C ' 

-2-83 

-S 4()(9(KfK) 

-2-64 

-2-26 

-1'31 

Implicit, C 

-3-41 

' f)-70(9(KrK) 

-1-62 

-2-39 

-208 

i^xplicit 

Implicit' 

(1-83 

O-KKWO^’K) 

1-63 

0-95 

0 63 

Total, « 

-2 51 

-4'()8(9(KfK) 

-1 60 

~E85 

-1-66 

1 xplicit. H 

0 79 

()-49(9(H)"K) 

l•06 

ES4 

0-94 

Implicit. 

-3 30 

4-57(9(KrK) 

-2-66 

3 42 

-2 60 

1‘XpllClt ^ 
Implicit' 

-0 “*4 

' ()-ll(9(K)"K) 

-0 40 

-0'45 

-0-36 



TEMPERATURE/K 

f ig 9. The explicit and implicit lemperuture coefficient 
for B. C and C, lis a function of temperature 


Other hand, il is more probable that in the 
temperature range with which we are con- 
cerned, the explicit temperature dependence 
IS primarily a function of the thermal vibra- 
tional energy changes. An examination of 
Table 7 reveals that C' having a much greater 
explicit temperature dependence than C is 

Table 8. The theoretically calcul- 
ated explicit temperature depen- 
dence of the shear moduli of 
aluminum at 30()°K {Units are 


IQ-^deg- 

') 



a In C 

^inr 


dT 

dT 

Present results 

0 006 

0*001 

Bernstein’s results 

0037 

0*017 
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clearly common to aluminum, copper, silver 
and gold, and may then be characteristic of 
f.c.c. metals in general. This suggests that 
the explicit contributions in aluminum are 
indeed more dependent on the vibrational 
characteristics of the f.c.c. structure than on 
the electronic contributions to the elastic 
moduli. 

Schmunk and Smith [5] have shown that 
the implicit temperature dependence which 
arises from the volume thermal expansion 
can be accounted for by Leigh’s model if 
electron transfer between hexagonal and 
square face overlaps are introduced. Thomas 
[11], however, has found the model inadequate 
in accounting for his measurements of the 
third order elastic moduli of aluminum. 


CONCLUSIONS 

Although the major part of the temperature 
dependence of the elastic moduli of aluminum 
can be attributed to the change volume with 
temperature, there is a large volume indepen- 
dent contribution to C' that causes notable 
increase in elastic anisotropy for temperatures 
above 200‘"K. This contribution cannot be 
attributed to the temperature dependence of 
the Fermi energy contribution to the shear 
moduli via Leigh’s model, by assuming a 
dependence for the Fermi energy. A correla- 
tion with existing data for copper, silver and 
gold, indicates that a relatively high explicit 
temperature dependence for C is common to 
f.c.c. metals and is a result of the increase of 
the vibrational energy with temperature. 
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MOSSBAUER SPECTRA OF RARE EARTH 
SILICIDES AND GERMANIDES 

I. SHIDLOVSKY and I. MAYER 

Department of Inorganic and Analytical Chemistry, The Hebrew University, Jerusalem, Israel 
[RixeiVedl^Oaober\^m 

Abstract” The Mossbauer effect was used to study the oxidation states of europium and ytterbium 
silicides and germanides and to determine characteristics of the chemical bond in rare earth silicides 
and germanides. Results show that Eu is in the divalent state in the EuSi^ and EuGe^ compounds, 
while Yb is divalent in YbSig, mostly divalent in YbGena and trivalent in Ybr,Siv Isomer shifts 
obtained in the case of Dy.sSij and Dy^Gcj were larger than those obtained for DySi., and DyGe, 
indicating shorter Dy-Dy bond in the Dy^Va compounds, in good agreement with crystallographic 
data. 


1 . INTRODIICTION 

The Mossbauer eflfecl has been used to study 
the oxidation states of Eu and Yb silicides 
and germanides, and to determine the nature 
of the chemical bond in rare earth silicides 
and germanides. Results given here include 
the Mossbauer spectra of EuY», 

DyY.j, (Y = Si, Ge), Yb^Su, YbSi-^ and 
YbGe|.7r>. The crystal structures are Mn^Si;) 
type hexagonal for the M^X^ type com- 
pounds! I ], ThSU type tetragonal for EuSi2[2], 
and orthorhombic (distorted ThSi2 type) for 
DySi.,[2J and DyGe^P], YbSi.,f4] has the 
AIB2 type hexagonal structure, while YbGe, 75 
IS hexagonal with aTh.iPU, type lattice [5]. 

2. EXPERIMENTAI- 

Dy and Yb compounds were prepared by 
melting the metals with Si or Gc in an induc- 
tion furnace under an argon protective 
atmosphere. Europium compounds were 
prepared in sealed quartz tubes filled with 
argon. 

The Mossbauer spectra were taken with 
the following sources. Gd”^^ in the form of 
GdF;, was used for the dysprosium com- 
pounds: the energy of the y-rays was 25*6 
keV. Yb’^*^ in the form of TmAlg was used for 
the ytterbium compounds: the y-rays emitted 
an energy of 84 keV (this source was used as 


it emits an unsplit line with almost natural 
width at 4-20°K). Europium compounds were 
studied by 22 keV y-rays of Eu*’"' isotope. The 
y-rays were obtained from a source in 
the form of Sm^O;,. 

The absorption was recorded automatically 
on a multichannel pulse height analyser as 
described previously [6, 7]. In all measure- 
ments of the Dy compounds, the source was 
at room temperature, and in the case of the 
Eu and Yb compounds the sources were kept 
at the measurement temperature. The y-rays 
were detected by a Nal(TI) scintillation 
counter. 

3 . RESULTS AND DISCUSSION 
Compounds of dysprosium 

The absorption spectra of the compounds at 
293° and at 4*2°K are given in Figs. 1 and 2. 
Table 1 lists isomer shifts, those relative to 
the source (DyF,) being caused by changes in 
the density of 6s conduction electrons at the 
nucleus of the dysprosium atom in the 
different compounds. 

The results show that the compounds can 
be arranged in pairs, each pair giving the same 
isomer shift. For the DysSi.^ and Dy^Ge.-) 
pair, the isomer shift is twice as large as that 
for DySi^ and DyGe^. The increasing isomer 
shift in the Dy^X;, compounds and the 
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Table 1. Isomer shift, the overall splitting 
and the ratio H^.f{lfree ion value in the 
dysprosium compounds 



Isomer shift 


(mm/scc) 

Dy,(ie, 

fM4±() 20 

ny,Si, 

4 1 42 ± (1 20 

DyCic, 

M)42 +0 20 

DySi, 

-0-17 ±0 40 


consequent increase in the number of the 
f)A conduction electrons must be related to 
decreasing distance of Dy-Dy bonds in these 
compounds, the number of 6 a electrons being 
maximal in the dysprosium metal |8|. I'his 
linding is in good agreement with crystallo- 
graphic data, which have shown the shortest 
distance in the compounds to he 

3'14“,VI6A. and 3 S6Afl| in the case of 
the DyXj type compounds. 

At 4 -2 ''K, ail the compounds were found to 
be magnetically ordered. The overall splitting 
and Ihc values of relative to those of the 
‘free ion' -the ions in the gaseous slate — arc 
given in 1 able I. These results are in good 
agreement with those obtained for the bulk 
magnet i/at ion of l^ySi.j|9|, L)y(ieMl3| and 
l)y ,(je,l 1 he clfcclive magnetic moment 
found IS in good agreement with the values 
found for the free ion. 


Overall 


splitting 

//.rr/free 

(c m/sec} 

(ion value) 


44.y 

1'03±0'()2 

44 S 

1 025±()-02 

45 2 

1 ■035 + 0-02 

44 3 

I•0I5±() 02 


Compounds of ytterbium 

rhe spectrum of YbSi^ at 4‘2°K given in 
Fig. 3 is symmetric and unsplit. The isomer 
shift measured by calculating the positions 
of the centroids of the absorption spectrum 
at half the maximum height is V = 3*6 mm/sec. 
I'hcse results are similar to those obtained 
in the case of YbAI^,[]]] where Yb is 
divalent as determined by H.S.R. measure- 
ments. Divalent ytterbium being diamagnetic, 
no splitting should occur through the influence 
of magnetic field. The experimental width 
is less than twice the minimum possible 
width, which is 2rn = 2mm/scc. From the 
above evidence it may be concluded that 
Yb in YbSi. is divalent. 

The absorption spectrum of YbGei 7 r, is 
given in Fig. 4. While the line width in this 
case IS almost the same as that found for 
YbSi.^, indicating that Yb is divalent in 



Fig. } Mossbauer spectrum of YbSu at 4-2‘^K 
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YbGe,. 75 , the two symmetric shoulders 
appearing in the spectrum might originate 
from the hyperfine spectrum of Yb^\ which 
is composed of five lines, as found in YbNi;^ 
[12] where Yb is trivalent. Comparison of 
shoulder and line areas in the hyperfine 
spectrum leads to the hypothesis that the 
shoulders can be related to the two end 
lines of the hyperfine spectrum and that a 
maximum of 25 per cent of the Yb in the 
YbGc, 75 is in the trivalent state. 

The absorption spectrum, of Yb 5 Si;, at 
4‘2°K given in Fig. 5 is asymmetric. Its 


YbNi^, where ytterbium is trivalent. The 
ytterbium in YbaSi.^ may therefore be 
concluded to be trivalent. 

Compounds of europium 

The absorption spectra of EuSi 2 at 83°K 
and of EuGe-j at 293'^K are given in Figs. 6 
and?. 

The spectra of the two compounds at the 
above temperatures were unsplit. The isomer 
shifts in the spectra of EuSi^ and EuGe 2 
relative to Eu^Ojj are listed in Table 2. A 
comparison of these shifts to those obtained 



width, measured at half the height of the 
maximum absorption, is 14*8 mm/sec., i.e. 
seven times as large as the natural width 
urn). Three peaks of unequal intensity and 
line width can be detected on the spectrum, 
possibly as a consequence of quadrupole 
interaction, as found by Nowik et aH\2] for 


Table 2. Isomer shift and the effective 
magnetic field for the europium compounds 



Isomer shift 

//eff 


(mm/ sec) 

(KOe) 

EuSij 

-IO-6±0-3 (W'K) 

286±I0(4-2“K) 

KuGe, 

-11 •5 + 0-2 (2‘>.‘'°K) 

22‘^± 10(4 2“K) 


0 
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VELOCITV, mm/sec 

f ig. 6 Mossbaucr spectrum of I uSi^, at 



for other Fu compounds shows similarity 
between our relatively large isomer shift 
and that observed for intcrmctallic compounds 
of t-u in the divalent state! 13]. 

The absorption spectra of y-rays at 4'2°K 
given in f-igs. 8 and 9 are split in both cases, 
proving that Eu is divalent in the compounds. 
In the case of Eu the spectra of compounds 
not containing iron are known to be unsplit, 
since the overall angular momentum J of 
EiE’* is equal to zero. Only compounds of 
Eu'" give hyperfine magnetic interactions 
at low temperatures. 

A maximum isomer shift in divalent Eu 
compounds was obtained for salts with strong- 
ly electronegative anions, e.g. EuFJ13] and 
Fu SO, [14], where the shift was -I -50 mm/sec. 
The electronic configuration of Eu^^ in these 



fig. S Mossbaiier spectrum of EuSij at 4-2^K. 



Fig. 9. Mossbauer spectrum of EuGe^ at4-2‘’K 

salts is 4/’5.v^5p^ In the inlermetallic com- 
pounds of europium, the isomer shift has a 
smaller absolute value owing to the contri- 
bution of the conduction electrons to the 
density of the electronic charge in the nucleus. 
The formal electronic configuration of Eu in 
this case is where x is equal to 

the number of the 6 .v conduction electrons. 

The isomer shift in EuSi 2 is similar to the 
shift obtained in the case of E 1 JAI 4 , EuS, 
EuSe and EuO[131, and is much smaller 
than in salts with more electronegative anions. 
One possible explanation of these great differ- 
ences might be that more covalent bonding 
takes place by 4p and 5p electrons than does 
in the salts. This conclusion appears correct, 
particularly with EuSia and EuGe.,, where the 
Si and Ge tend to form covalent bonds. 
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- the effective magnetic field - was 
calculated from the hyperfine interaction at 
4-2°K, and is given in Table 2. When the 
values of Heu. obtained from EuSi 2 were in- 
serted in the diagram of vs I.S., as was 
proposed by Wickman et a/.[13], good agree- 
ment with the experimental line was obtained 
for different europium compounds. 

Acknowledgement -T\\t authors extend their thanks 
to Professor S. Ofcr of the Department of Physics of the 
Hebrew University for helpful suggestions and advice. 
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MECHANISM OF THERMAL DECOMPOSITION OF 
POTASSIUM PERMANGANATE IN THE SOLID 

PHASE 
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Novosibirsk. U.S S.R. 

{Received 24 April 1 968 ; in revised form 23 Or toher 1 968 ) 

Abslracl“This study of the mechanism of thermal decomposition of potassium permanganate il- 
lustrates the possibility of applying the methods and conceptions of solid-state physics in solving 
problems related to the investigation of chemical reactions in solids. 

It was found that the elementary stages of the thermal decomposition of permanganate, which is 
a semiconductor of the /i-type, are associated with electron transition from one anion site to another. 
This viewpoint provides an explanation for the mechani.sm of the action of catalysic additives and 
the influence of the solid products formed in the course of the reaction of thermal decomposition, as 
well as for the mechanism whereby the rate of thermal decomposition of permanganate is affected 
by preliminary irradiation. The latter is interpreted as the result of the concurrent catalytic action 
of manganese dioxide and inhibiting action of manganaie formed on thermolysis and radiolysis of 


permanganate. The physical processes occurring 
are discussed. 

Despiie the fact that thermal decomposition 
of potassium permanganate has been the sub- 
ject of much investigation into topochemical 
reactions 1 1-4J and that a considerable num- 
ber of works devoted to investigating this 
process have been published, many details 
of the mechanism call for further study and 
are not yet well understood. This is especially 
true of those which deal- with the elementary 
stages of the process, the correlation between 
the physical properties of permanganate and 
Its reactivity, the mechanism of catalysic 
action of additives and the action of the 
products formed as a result of thermolysis 
and radiolysis of permanganate. 

This induced us to carry out an investigation 
of the thermal decomposition of potassium 
permanganate, ai med at ascertaining the 
nature of the mechanism of thermal decom- 
position and whether it is associated with 
electron transition in the lattice; if electron 
transition actually does take place, how does 
it occur and how, from this viewpoint, is the 
mechanism of the action of catalytic additives 
and of the solid reaction products on the rate 
of the process to be explained. The results 

12 


during the chemiciil read ions under investigation 

obtained in the course of the investigations 
are outlined in this article. 

1. PHYSICO-CHEMICAL PROPERTIES OF 
POTASSIUM PERMANGANATE AND THE 

PECULIARITIES OF THE MECHANISM OF ITS 
THERMAL DECOMPOSITION 

As is well known, thermal decomposition 
of potassium permanganate begins to occur 
at a noticeable rate at temperatures ranging 
from 205° to 280°C. To describe the chemical 
reaction, most authors use the following 
schematic equation: 

2KMnO^ ^ K,MnO,-bMnO,TO, 

according to which the thermal decom- 
position of permanganate results in the 
formation of two solid products, namely 
manganese dioxide and potassium man- 
ganate, and one gaseous product, oxygen, 
The deviations from this scheme, recorded 
in some cases [5] seem to be related to 
secondary reactions. 

It follows from the above scheme that ther- 
molysis of permanganate is a typical redox 
reaction. At the same time Roginsky and 
1 .^ 


M 
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Fig. 1. Thermal deeomposition of potassium perman- 
ganate m solid solution at 235''('. (1) decomposition of 
pcrmanganule crystals; (2) decomposition of perman- 
ganate with Its content in solid solution in perchlorate 
equal to 21 mol (3) the same, hut with KMnO, 
content equal to 5 6 mol %; (4) the same, but with the 
KMnO, content equal to 14-6 mol 7r 

Schultz [3 1 proved that the rate of thermal 
decomposition of permanganate changes in 
the presence of additions of such oxides 
which arc generally active in redox catalysis. 
It may therefore be assumed that consider- 
able importance in thermolysis may be 
attributed to the excitation and transition 
of the electron. It was of interest to ascertain 
the nature of this transition: whether we are 
dealing with local electron transition or 
whether, when potassium permanganate is 
heated, electron transition may occur that 
augments conductivity; to find out where 
precisely this electron transition takes place 
and whether it is essential for the process of 
thermal decomposition. 

I'o give an answer to the first of these 
questions, an investigation was made into 
the nature of the basic current carriers in 
potassium permanganate, proceeding from 
a study of the electrical conductivity of per- 
manganate, the transfer numbers and the 
thermoeleciromotive force. It appeared that 


at temperature ranging from 170'" to 210T 
the electrical conductivity of potassium per- 
manganate (both the single crystals and the 
pressed by pressure lOVcm^ were investigated) 
varies from 10“® to I0"®fl and accordingly 
permanganate is close to semiconductors. 
Measurement of the transfer numbers by 
TubandLs method has shown [6] that the 
anion component of electrical conductivity 
is not revealed, while the cation component 
does not exceed 5-9 per cent. Therefore 
the electrical conductivity of permanganate 
is, in the main, not of an ionic nature. 

Additional information on the nature of 
the current carriers was obtained by measuring 
the thermoelectromotive force of potassium 
permanganate in form of the presed pellets, 
which was carried out by the differential 
method relative to metallic tin. It was found 
that the thermoelectromotive force of 
potassium permanganate has a negative sign, 
which points to the electronic nature of per- 
manganate conductivity. From the experi- 
mental data obtained by employing the 
generally accepted methods of studying 
semiconductors [7], it was determined that 
the activation energy 1*62 ±0 03 and 

— 0-62 ±0-03, the ratio of the mobilities 
of the electrons and vacancies fiJiXj, = 4*93 
and the ratio of the effective masses of the 
positive holes and electrons 1*89. 

We were unable to determine individually 
the values of the mobility and the effective 
masses for the electrons and the holes, 
since we did not succeed in determining 
the magnitude of Hall's constant for 
permanganate. 

In the case of potassium permanganate it 
is difficult to presume anion-to-cation electron 
transition similar to that generally considered, 
for instance, in thermolysis of azides [8], 
if one takes into consideration the very high 
values of the activation barrier which have 
to be overcome as well as the fact that the 
composition of the products formed in ther- 
molysis of permanganate do not conform to 
the supposed mechanism of decomposition. 



POTASSIUM PERMANGANATE 


1217 


More probable is the assumption that the 
electron transition accounting for conduc- 
tivity occurs not between anion and cation, 
but inside the anion-lattice. As a result of 
such a transition, chemically stable anion 
sublattice sites are formed in the lattice, on 
which an extra electron is captured, as well 
as anion sub-lattice sites which have electrons 
and should be chemically unstable [9], To 
check the correctness of this assumption, a 
study was made of the thermal decomposition 
of potassium permanganate comprising a 
solid solution in potassium perchlorate. Since 
the temperature of thermal decomposition 
of potassium perchlorate is considerably 
higher than that at which appreciable decom- 
position of permanganate sets in, and, judging 
from the position of the potassium perchlorate 
absorption edge in the u.v. spectrum [10] it 
should be characterized by a considerable 
magnitude of the forbidden band, when 
analyzing the thermal decomposition of potas- 
sium permanganate in solid solution and the 
related electron transitions, potassium 
perchlorate may be considered as an inert 
matrix in which permanganate ions are 
uniformly distributed. 

On sufficient dilution, a part of these ions 
will be surrounded on all sides by perchlorate 
ions and they may be regarded as single ions; 
another part of the ions which have as their 
closest neighbour at least one permanganate 
ion, will form in the perchlorate lattice dimers, 
trimers, etc., consisting of permanganate ions. 

If the above-suggested scheme of the 
mechanism of thermal decomposition of 
permanganate is actually realized, then it 
should be expected that at the temperature at 
which thermal decomposition of perman- 
ganate begins to proceed at an appreciable 
rate, the single permanganate ions in the 
solid solution will be stable, unlike those 
which enter into the composition of dimers, 
trimers, etc., which will decompose under 
these conditions. Proceedings from test 
results obtained [1 1], it is possible to estimate 
approximately for each given concentration 


of permanganate ions the relative proportion 
of each definite group of permanganate ions 
occurring in the solid solution. For this 
reason the correctness of the assumption 
regarding the mechanism of the elementary 
stages of permanganate thermolysis could be 
checked by determining the degree of de- 
composition of permangatate on healing its 
solid solutions in perchlorate up to a tempera- 
ture of 235®C, at which temperature pure 
permanganate decomposes rapidly. 

The results of our experiments have shown 
that at a temperature of 235°C there occurs 
not complete, but only partial decomposition 
of permanganate in the solid solution. When 
the concentration of the solid solution changes, 
the degree of transformation changes in the 
same direction as the ratio of the permanganate 
ions forming groups to the single ions, 
according to evaluation made in [ 1 1]. 

Hence, the presence of pairs of perman- 
ganate ions in the lattice, indispensable for 
electron transition from one anion site to 
another, is a substantial factor in the elemen- 
tary stages of the process of thermal decom- 
position of permanganate. Accordingly, the 
scheme of the process may be expressed as 

k 

2 Mn 04 “^ 4=^ Mn 04 + e(Mn0r‘‘^) 
MnOz + O;, 

which is in agreement with the experimentally 
determined composition of the permanganate 
thermolysis products. Assuming that a 
stationary condition is achieved rapidly in 
the system in the course of the process, the 
rate of chemical transformation may be put 
down as 

1 / — -^1 ^.1 - . ^ 
k2[e]+k;i 

where C is the concentration of Mn 04 '^ ions 
per unit of interphase surface. It follows from 
this equation that the factors which lead to a 
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rise in the concentration of free electrons in the 
permanganate lattice will result in a reduced of 
the reaction. A reduction of the concentration 
of the electrons should, on the contrary, 
accelerate thermolysis. 

2. MECHANISM OF THE EFFECT OF CATALYTIC 
ADDITIONS ON THE RATE OF THERMAL DECOMPO- 
siTiON OF perman(;anate and the influence 
OF THE PRODUCTS FORMED AS A RESULT OF ITS 

THERMAL DECOMPOSITION AND RADIOLYSIS 

Let us consider now from the viewpoint 
of the suggested mechanism of permanganate 
thermolysis the possible mechanism of the 
effect of additives consisting of various 
semiconductor oxides on the rate of the 
process, as well as the mechanism of the 
influence exerted on the decomposition rate 
by the solid products formed as a result of 
permanganate thermolysis and radiolysis. 
As has already been mentioned, Roginsky 
and Schlutz|31, as far back as 1928, proved 
that additions of some oxides, as, for example, 
NiO and CuO, accelerate the process of 
chemical decomposition of potassium per- 
manganate, This may be assumed from the 
viewpoint of the conceptions advanced in 
our work, provided there is a drop in the 
concentration of free electrons in permanga- 
nate, resulting from contact between the 
additive and permanganate. Applying to this 
case the cv>nccptions regarding the role of 
contact phenomens in chemical transforma- 
tions in the solid phase, advanced by various 
aulhorsll2-l4), it may be supposed that this 
may result from the appearance of a contact 
potential difference at the point of contact of 
the additive and permanganate crystals if the 
work function of the additive electron will 
be greater than that of the permanganate 
electron. Measurement {made with the aid of 
a vibrating condenser) of the electron work 
function of the permanganate and that of 
substances used as additives (NiO, CuO, 
MnO^), under conditions close to those under 
which the process of thermal decomposition 
takes place, has shown that, actually, the 
additives accelerating the thermal decom- 


position of permanganate are generally 
characterized by a greater work function of 
the electron as compared with permanganate*. 

Closely associated with the mechanism 
of the action of catalytic additives is the 
question regarding the mechanism of the 
influence on the rate of the process of the 
solid products formed as a result of ther- 
molysis or, in other words, the question regar- 
ding the nature of autocatalysis during thermal 
decomposition of permanganate. It follows 
from the general scheme that thermal decom- 
position results in the formation of two solid 
reaction products: manganese dioxide and 
potassium manganate. Both in thermal and in 
radiative decomposition manganese dioxide 
becomes at once separated as an independent 
phase 1 15]. As to the catalytic effect of man- 
ganese dioxide on the rate of thermal decom- 
position of permanganate, various publi- 
cations contain contradictory data. Roginsky's 
data [3] to the effect that additives excercise 
a catalytic influence are in disagreement with 
the results obtained by Simchen[16] who did 
not detect any catalytic effect of manganese 
dioxide. For this reason, employing methods 
similar to those previously applied in studying 
permanganate thermolysis[3,4, 17], we con- 
ducted special experiments to find out 
whether manganese dioxide has any catalytic 
effect on the decomposition of permanganate. 
The results of the experiments given in the 
diagram (Fig. 2) indicate that manganese 
dioxide influences thermal decomposition 
of permanganate, but that the effectiveness of 
the influence of a given additive, as well as the 
magnitude of the preparation is obtained and 
on its prehistory. Four preparations of man- 
ganese dioxide were tested: a commercial 
preparation; a preparation isolated from the 
products of thermal decomposition of per- 
manganate by treating them with an aqueous 
KOH solution; one obtained by the dry 
method by heating manganese nitrate [11] 
at ]70°C; one synthesized by the wet method 


*The work function of KMnO^ by 180°C is 4*7-4'9eV. 
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Fig. 2. Influence of MnO and K,,{MnOj)jj additives on the 
rate of thermal decomposition of potassium perman- 
ganate at 22()T. (1) decomposition of permanganate at 
22t)°C with an additive MnOj [commercial reagent); 
(2) (he same with an addition ofMnO^ obtained by thermal 
decomposition of KMnO^; (3) with an addition of MnO^ 
obtained by heating MnlNO,,). at lyOX"; (4) with an 
addition of MnO. synthesized by oxidation of a 5 per 
cent MnSOj solution heated to 60°C; (5) with an addition 
of K,(MnO^), (cocrystallization); 6-decomposition of 
permanganate without any additive 


by oxidizing a 5 per cent manganese sulphite 
solution heated to 60 T. The second and the 
last preparations proved to be the most active 
ones. The first and the third preparations of 
manganese dioxide practically had no effect 
on the rate of thermal decomposition of per- 
manganate. It was found, at the same, that 
the work function of an electron of the active 
manganese dioxide preparations is, as a rule, 
considerably greater than that of potassium 
permanganate preparation under similar 
conditions. 

We failed to find in any publications data 
concerning the nature of the effect on the 
decomposition rate, of the other solid pro- 
duct formed in thermal decomposition of 
potassium permanganate: potassium man- 
ganate. Our experiments have shown that 
whereas a mechanical mixture of permangan- 
ate with manganate decomposes at the same 
rate as pure permanganate, coprecipitation of 
permanganate and manganate from and alka- 
line solution leads to a decrease in the rate 


of thermal decomposition of permanganate. 
Concurrently, the conductivity of the crystals 
increases. A detailed roenlgenoslruclural 
examination of this preparation [ 18 ] made it 
possible to establish that, in addition 
to K.>Mn04, a new phase, isostruclural 
Ba;j(As04)2 nnd KMn04' KoCr04, is formed 
under such conditions. The phase was 
identified as a double salt with a composition 
of K-,(IVfn04)2. Hence, when there is adequate 
contact with permanganate, potassium man- 
ganate, the second solid product of thermal 
decomposition of potassium permanganate, 
may affect the rate of thermal decomposition 
as a heterophase addition, either by itself as 
a K2Mn04 phase, or by comprising the 
phase corresponding in composition to the 
double salt Ka(Mn04)2. Measurement of the 
work function of the electron of these two 
compounds under conditions close to those 
of thermal decomposition of permanganate 
has shown that both of them have a smaller 
electron work function as compared with 
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permanganate. Therefore the inhibiting action 
which they exert on the thermal decomposi- 
tion of potassium permanganate may be 
related to enrichment of the permanganate 
lattice with electrons in the region adjacent 
to the point of contact with the additive. 
Another reason for the inhibiting action may 
be the formation of donor levels when small 
amounts of manganate ions enter the perman- 
ganate lattice. 



hifi 3 ( han^iC m Ihc wtiik function of the electron with 
the temperature loi tl), kMu()^t2), 

The recorded experimental catalytic action 
of solid products formed upon thermal decom- 
position of potassium permanganate appears 
to result from concurrent catalyzation of the 
process by manganese dioxide and inhibition 
of the process by potassium manganate. 

3. MH H\NISM OF THE INFLLENC E OF 
PKELlMiNARY IKRADlATiON ON 
THE RATE OF THERMAL 
DECOMPOSITION 

The influence of preliminary irradiation 
on the rate of subsequent thermal decom- 
position of potassium permanganate was 
analysed by us in previous papers[l7 J9]. 
We showed that the cause of acceleration 
of thermal decomposition resulting from 
preliminary irradiation of permanganate lies 


not in the formation of displaced atoms in 
the permanganate lattice, but in the accumu- 
lation of radiolysis products which catalyze 
thermal decomposition of permanganate upon 
subsequent heating. Since, according to 
Glemser and Butenuth [15], manganese 
dioxide and potassium manganate are the 
main products formed in permanganate 
radiolysis, it may be assumed that the mecha- 
nism of their influence on the rate of thermal 
decomposition is similar to the one we have 
considered above of the catalytic action of 
the products formed upon thermal decom- 
position of permanganate. The basic differ- 
ence between these two processes can be 
attributed, apparently, to the different 
spatial distribution of the product formed 
upon thermal decomposition and radiolysis. 
Whereas in thermal decomposition the initial 
centres of the reaction are chiefly formed on 
the surface on the permanganate crystal [20], 
permanganate radiolysis occurs in the 
interior of the crystal. 

4. CHANCRE IN THE PROPERTIES OF PERMAN- 
CANATE IN THE COURSE OF ITS THERMAL 
AND RADIATIVE DECOMPOSITION 

To trace changes occurring in the per- 
manganate-reaction products system during 
thermal and radiative decomposition of 
potassium permanganate, measurements 
were made of the electrical conductivity* 
and thermoelectromotive force of permanga- 
nate in form of pressed pellets in the course 
of the process. 

The change in the electrical conductivity 
of potassium permanganate at the various 
stages of its thermal decomposition is shown 
in Fig. 4 where the degree of decomposition 
is plotted on the x-axis, and the relative 
change in electrical conductivity (x/o-o on the 
y-axis. It is evident from the figure that, as 
permanganate decomposes, its electrical 
conductivity first increases and then dimini- 


*The experimental procedure is described in our 
previous papers [6, 21]. 
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t ig. 4 Change in the electrical conductivity of potassium 
permanganate in the course of its thermal decomposition 
iit 140°C. o-/<rn change in the electrical conductivity 
relative to the conductivity of nondecomposed perman- 
ganate under similar conditions. 

shes. An assumption was made that such a 
character of the change in electrical con- 
ductivity is due to the fact that at the deeper 
stages of decomposition of permanganate 
there is a change in the ratio of the donor 
and acceptor levels in the system, or that 
it results from an increase in the relative 
amount of the product which has acceptor 
properties, or from depletion or chemical 
changes in the components in the system, 
branched off beyond the donor levels. 

A study of the curves representing the 
temperature dependence of the conductivity 
of permanganate partly decomposed as a 
result of preliminary heating to the decom- 
position temperature, shows the presence of 
a typical loop which is not to be found in the 
case of pure permanganate. Such a loop is 
also observed on the curve of preliminary 
irradiation of permanganate and on the 
curve of permanganate cocrystallized with 
manganate ion (Figs. 5,6). 

Similar results were obtained in studying 
the temperature dependence of the thermo- 
electromotive force of permanganate crystals 
(Fig. 7). On the curves corresponding to 
irradiated permanganate crystals containing 
an admixture of manganate ions, there is a 
maximum which can be attributed to the 
presence in the system of an additional 
number of donor levels disappearing at 
temperatures of the order of 140T. This 



Fig. 5 . Dependence of conductivity of potassium per- 
manganate partly decomposed as a result of preliminary 
heating on the temperature for; (I) potassium perman- 
ganate; (2) potassium permanganate partly decomposed 
( to per cent); (3) KMnO^ cocry stalliied with KjMn 04 . 



Fig. 6. Dependence of conductivity of irradiated potas- 
sium permanganate exposed to various X-ray irradiation 
doses on the temperature for: 0) nonirradiated KMnOv, 
(2) irradiation dose 10*' r; (3) the same, but irradiation 
dose 5 X 10* r. 
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F ig. 7 Dependence of differential ihermoeleciromotive 
force on the temperature for: (1) KMn 04 ; (2) KMnO^ 
with an additive of K.MnO,; KMnO^ X-ray irradiation 


dose 5 X \{fr 


correlates with the moment of transition 
from the maximum to the minimum on the 
elect rical conductivity curve. 

fhe disappearance of the donor levels 
cannot, apparently, be attributed to the 
trivial phenomenon of depletion of the donor 
levels, which sometimes occurs in semi- 
conductors [22 1, since m the case of per- 
manganate KT. This is also attested 

by the closeness of the magnitudes charac- 
terizing the dependence of conductivity 
on the temperature before and after the 
anomalous region. Therefore it would 
apparently be more correct to consider 
chemical changes, such, for instance, as the 
disproportionation of manganalc, possible 
under these conditions. 

2K,Mn(), KMnO^ -f K,MnO, 

as the cause for the drop in electrical con- 
ductivity in the course of decomposition of 
permanganate and the appearance of anoma- 
lous sections on the curves representing 
the dependence of electrical conductivity 
and Ihermoeleciromotive force on the 
temperature. The above considerations make 
it possible to understand the sharp accelera- 
tion of the process of thermal decomposition 
of potassium permanganate on heating it 
above I40-US0°C[20]. This can evidently 


be explained by the decrease in the relative 
amount of manganate which is an inhibitor 
of thermal decomposition of permanganate 
as shown above. 

CONCLUSIONS 

The above results indicate how success- 
fully the conceptions, procedures and methods 
of solid-state physics can be applied in solving 
the problems related to chemical reactions in 
.solids. It can be seen in the case of the reac- 
tion of thermal decomposition of potassium 
permanganate that the elementary stages of 
decomposition are associated with electron 
tran.sition from one anion site to another. 
This point of view provides an explanation 
for the mechanism of the action of catalytic 
additions, the influence of the solid products 
formed in the course of the reaction of thermal 
decomposition, and the mechanism of the 
effect of preliminary irradiation on the rate 
of subsequent thermal decomposition. 
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Abstract-The Nd:f(Mo 04 )a-Nd 2 (W 04)3 system has been investigated by means of differential ther- 
mal analysis and X-ray diffraction. Four distinct solid phases exist m the system, for all of which 
single crystals have been prepared. I he high temperature 03-) form of NdglMoO^),, crystallizes in the 
previously established /S-GdafMoOjla structure, with Mo in tetrahedral and Nd in octahedral co- 
ordination, The three remaining phases have structures closely related to that of tetragonal scheelite 
(CaWOj); the low temperature fat-) form of Nd 2 (MoO,),i has a basically undistoried tetragonal struc- 
ture. but contains a complicated ordering arrangement of Nd atoms over the C a sites , the low tempera- 
ture («-) Nd 2 (W 04)3 phase, extending over much of the system, has the a-EujlWO^la structure in 
which distortions from the scheelite structure are marked but the ordering arrangement is simple, 
and the higher temi^rature 03-) form of Nd 2 (W 04)3 is closely related to the a -form. Relations between 
the structures arc discussed. The effect of deviation from stoichiometry in the system was also studied 
In the off-stoichiometric system NdgOa . 3-4MoOrNda0.i , 3*4 WOj, similar phase relationships exist, 
the mam difference being that the a-Nd 2 (Mo 04)3 phase extends above the a-Nd 2 {W 04 )i phase for 
compositions between about 2’5 and 35 mol. % Nd 203 3-4WOj, 


INTRODUCTION 

The results of a comprehensive study of 
tnvalent molybdates and tungstates of the 
type L(IV 10 ^)j were presented in a previous 
pdper[l]. Among the rare-earth compounds 
alone at least six different phases were recog- 
nized and have been confirmed in other 
investigations[ 2 - 4 ]. The structures of three 
of these phases are closely related to that of 
tetragonal scheelite (CaW04)[5-7] by the 
substitution of two trivalent ions for every 
three C ions. Ordering of the cations and 
subsequent lattice distortions give rise to the 
different structure types. Detailed studies of 
the atomic arrangement in monoclinic a- 
Fii.,(WO.,).j[ 8 ] and in monoclinic (pseudo- 
tclragonal) /3'"Nd2(Mo04).i(9, 10 ] have now 
been made. Since the low temperature (a-) 
form of NdzfWO^)^ has the a-Eu^lWO^)^ 
structure, the Nd2(Mo04)3-Nd2(WO,|):j pseudo 
'binary system was investigated in order 
to understand the relationships between 


*Present address: Department of Chemistry, Univer- 
sity of Aberdeen. Old Aberdeen. Scotland. 


the different scheelite-typc structures. The 
results herewith reported are based on powder 
and single crystal X-ray diffraction measure- 
ments in association with differential thermal 
analysis, annealing, quenching, and crystal 
growth experiments. 

EXPERIMENTAL 

Reagent grade oxides Amend Drug 

and Chemical Co.; MoOa-Matheson, 
Coleman and Bell; 99-9 per cent Nd^O^ dried 
at 900 °C— Michigan Chemical Corp.) were 
ground together in stoichiometric amounts, 
sintered, and reground at least three times to 
yield Nd2(Mo04)a and Nd2(W04):j. Inter- 
mediate samples were prepared by mixing 
these two end-members in appropriate 
amounts and firing and regrinding at least 
twice. Some intermediate samples prepared 
directly from the oxides gave identical results. 
All sintering was performed below 950 °C to 
avoid premature formation of the high- 
temperature Nd2(Mo04)3 phase which is 
quite stable once formed. Off-stoichiomeiric 
compositions were prepared in a similar 
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manner from the oxides. The growth of single 
crystal end-members is described below. 

Powder X-ray diffraction photographs were 
taken with a Phillips 1 14-6 mm Debye- 
Scherrer camera using K-filtered CrK 
radiation, or with a Nonius Guinier camera 
using Ni-filtered CuK radiation. Guinier 
photographs were calibrated using KCI as a 
standard. Single crystal X-ray photographs 
were taken on precession and Weissenberg 
cameras using Zr-filtered MoK radiation. 
High temperature powder X-ray diffraction 
measurements were made using a GE XRD3 
diffractometer with an MRC high temperature 
attachment as previously described [1]. 

Differential thermal analysis ( DTA) 
curves were obtained from a DuPont 900 
machine using platinum cups in a stream of 
air at a heating rate of 20°/min. All delays 
observed were endothermic on healing. On 
cooling they were exothermic, but cooling 
values were not used because of the con- 
siderable supercooling usually observed. 
For quenching, samples contained in folded 


platinum foil were held for at least one hour 
at the desired temperature in a vertical tube 
furnace and then dropped into liquid nitrogen. 
The quenching rate was estimated as greater 
than 500°C per sec. 

PHASE DIAGRAM RESULTS 
The DTA thermal delays indicating phase 
transitions or melting points are shown in 
Fig. I. Boundary lines were drawn and areas 
identified from a scrutiny of X-ray powder 
diffraction photographs of both sintered 
(low temperature) and quenched (high 
temperature) phases. Fields were labeled a 
for low-temperature and p for high-tempera- 
ture phases. The previous designations [1,4] 
of these phases are given in Table 1, as are 
the temperature and compositional ranges of 
the phases observed. Based on Fig. I, a 
plausible phase diagram such as that of Fig. 
2 can be suggested; for simplicity, two-phase 
regions are not labeled. This is merely a 
possible phase diagram that is non incon- 



I'lg. I DiftciciitLil thermal analysis results for the Ndl^Mo()4)^- 
NdaW04),, system. 
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Table 1 


PhaiiC 

u-Nd,(W04)3 

/3-Nd,(W04K 

tt-Nda(Mo 04 )ri 

|3-Nd;(MoO,), 

y>revious designalJon‘‘" 

A 

D 

N 

L 

Structure type**'^ 

a-Eu^IWO,),'^’ 

/3-Nd,(W(),), 

a-NdzlMoO.V''' 

jS-Gd^tMoO^V*' 

I rue unit cell 

MonocliniC’C2/< 

« = 7-73 A 

/) = 1 1 •5il A 

c = 11-48 A 

P = 109 6" 


Monoclinic-C2 
a = 27-02 A 
h= 11-70 A 
t-= 11-85 A 
/3 = 105-3“ 

Monoclimc-C2^^' 

= 10-46 A 
b = 10-46 A 

10-82 A 

p = 90-0" 

Sub-cell 

Pseudo-lctragonal 
(highly distorted) 
fl-5-28A 
(■= 11-58 A 

Pseudo- 
tetragonal 
a - 5-3 A 
r ~ 1 1 6 A 

Tetragoiial-/4,/a 
u- 5-30 A 
c-= 11-70A 

Telragonal-P42,m‘^’ 
u = 7-40A 

10-82 A 

rcmper.ilure field for 
pure end -member 

below I045“C 

1045-1 135°C'''' 

below 960X 

960-I080“0'-'" 

Composition lange tn 
stoichiometric system 

- 2-5-100 

-- 35-100 

0--- 2-5 

0-- 35 

( omposition range m 

WO, -rich system 
(mol % Ndj(), 3 4WO,) 

- 0-5-UK) 

- 35-100 

0- ' 0-5 below 
-- SOOT 

0— 35 above 
- SOOT 

0— 50 


'"'SeclIJ and|41 

‘^'Tor isostruciural compounds see [1]. 

“’See (81. 

•'''Sec|9. 101 
"■'See 1 131. 

'^'1! ihis compound is ferroelectric at room temperature, as is the isostructural GdalMoOJa. then these results 
.ipply only lo the fetroelcclnc modification of the /i-NdjtMoO^)] phase, existing melasiably below its Curie tempera- 
tine, above the Curie temperatuie one would then have y-Nd;.(MoOjj. 

The same values were obtained by Rodcerrt/.[4j. 

'"'Melting point given as 1 130“(' by Borchard[31, and as I25()T by Plyuschevand Amosov [1 IJ 


sislent with the data and obeys the phase 
rule. 

In order to investigate the possibility of 
congruent growth of single crystals of the 
tt~Nd2(lVlG04)3 phase from the melt, the 
depression of the melting point of Nd2(Mo04)3 
by excess MoO^ was examined (Fig. 3 ). The 
small change observed indicates that crystal 
growth, if at all feasible, would require a very 
large excess. Investigation of the correspond- 
ing NditWOd-WOij system (Fig. 4 ) revealed a 
much sleeper slope, with the a-Nd2(W04)3 
phase appearing to melt congruently at 
approximately 1 3 mol. % WOj excess, corres- 


ponding to the composition NdzO.s . 3 - 4 WO;,. 
It should be stated that, with the exception 
of Fig. 2 , the various composition-temperature 
plots are not intended to represent valid 
phase diagrams; these could, however, be 
inferred in the same way as Fig. 2 was 
obtained from Fig. 1 . 

Investigation of the system Nd^O^. 
3-4MoO:j-Nd203 . 3-4W03 gave the results 
summarized in Fig. 5 and in Table 1 . In 
this system the a-Nd2(Mo04)3 phase over- 
rides the a-Ndi>(W04);i phase so that an 
identical phase change is produced by 
variation of either composition or temperature. 




1228 


K. NASSAU, P. B. JAMIESON and J. W. SHIEVER 



I 2 Pioposed phase diuijram for the Nd..(Mo() 4 );,-Nclj(W ()^)3 
syslem Kised on Fiy I 


C RYSTAL GROWTH 

( ryslals or/3-Nd.(W04):i arc readily grown 
in iiich-si/c boules by C'zochralski pulling 
from the melt as previously describedlll- 
When the crystals are cooled through the 
Iransilion temperature of l()45T, they 
transform nondeslruclivcly to w-Nd^tWO.!);}. 
A large heat emission with cooling is observed 
for this transition during l)T A. 

C rystals of /S-NdvlMoO^)-} may also be 
pulled from the melt [I], but do not trans- 
form readily to the a-form; crystals cooled 
fairly rapidly to room temperature have 
remained untransformed after several years. 

Since it was not possible to lower the 
melting point of Nd2(Mo04);i below the 
transition temperature of %0°r by addition 
of a small excess of MoO,, crystals of the 
a-form were prepared by a sintering process. 
The temperature of a sample of Nd2(Mo04);, 
was cycled through a range of 30T just below 
the transition temperature for four days in a 
covered platinum crucible. Crystals of poor 


quality were obtained from stoichiometric 
samples, but crystals of high quality, up to 
2 mm in longest dimension, were prepared in 
this way from starting material having the 
composition Nd203 . 3*4IVfoOa. By the end of 
the growth period essentially all the excess 
MoC);, has been lost by sublimation. The 
crystals grew in the form of tetragonal 
bipyramids with the {102} faces dominant 
(Fig. 6), Spectrochemical analysis showed 
the crystals to be essentially stoichiometric: 

wt. %Nd wt.%Mo 
Sample 5257 37-6, 37*4 37-2, 37-0 

Calculated for 

NdodVIoOO;, 37*55 37*46 

Crystals of all these phases have the typical 
lilac neodymium color, being blueish-purple 
in daylight and reddish-purple under a tungs- 
ten lamp. Diffuse reflectance spectra in the 
0*45-0*90/x range have been reported for 
a-Nd2(Mo04)3 and for a-“Nd2(W04)3[IJ. 
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Fig. 3. Differential thermal analysis 
results for the NdjOa. (34‘jr)MoO, 
system. 



Fig. 4. Differential thermal analysts 
results for the Nd^O;, . (3 F.r)\VOj 
system. 


VARIATION IN UNIT CELL DIMENSIONS 
Since three of the four phases in the system 
have structures related to that of scheelite 
(C aW04),[5“71, the most appropriate way to 
follow structural variations with composition 
and temperature is by a study of dimensional 
changes In the basic scheelite-like unit cell. 


For the end-members of the low-temperature 
series, cell constants were measured directly 
from single crystal X-ray photographs 
(Table 1); for intermediate compositions, the 
cell constants were calculated from indexed 
powder patterns. Table 2 contains the X-ray 
powder pattern for a-Nd 2 (Mo 04 ) 3 , indexed 
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Nd203*3-4Mo03 MOL % Nd203*3-4W03 

1 5 DitVeicnlial Ihcrmal iinalysis and 7 values iiom X-ray diffrac- 

Ijonli)! thcNd4)<. 3-4MoO,-NdjO| . 3-4W(){ system 

on ihc basis of the tetragonal scheelite-like constants, followed by a more gradual change, 

cell; indexed powder data for a-Nd 2 (WOi)M with the angle y increasing with increasing 

have been presented clsewherefl]. tungstate content to a value of about 94*" for 

i he change in cell constants with com- NduiWO,)^. 
positional variation in both the stoichiometric For high-temperature specimens only the 
and off-stoichiomeiric systems is presented change in y was plotted, as determined from 

in Fig. 7. For the Q!-Nd.(Mo 04 )a phase the the degree of splitting of the ‘tetragonal' i 12 

scheelile cell is geometrically tetragonal, line on high-temperature powder diffraction 

with a — h and with y, the angle between the traces. The splitting could be influenced also 

(h and /?-axes. equal to 90°, Immediately by differences between a and h, but large 

following the transition to the a-Nd^fWO,);, differences would be required where y is near 

phase there begins a rapid change in all 90° to cause a noticeable effect; the greatest 




Fig. 6. Crystals of «-Nd 3 (Mo 04)3 grown during sintering: the longest is 2 mm 

in length. 


[Facing page 1230] 
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Table 2 . indexed powder X-ray diffrac- 
tion pattern of a-Nd2(Mo04)3, usin^ 
tetragonal {scheelite) parameters a = 
5 - 298 A, c- 1 I- 705 A[ 9 ]. All lines with 
calculated intensities > 1 are included 


hk\ 

(A) 

^ubs 

(A) 

^rnlc 

fihs 

* 


5-88 


10 

* 


5-07 


5 

ON 

4-83 


4 


ii:! 

.316 

3-15 

100 

100 

004 

2-026 

2919 

14 

20 

020 

2-649 

2-643 

19 

20 

114 

2'KKi 

2-308 

2 

5 

* 


2170 


? 

024 

1 964 

1-961 

29 

30 

220 

1-873 

1-870 

12 

15 

116 

I 730 

1-727 

15 

20 

}\2 

1-611' 

1 1-608 

14' 

1 25 

132 

I-OIL 

10. 


224 

1-.578 

1-575 

10 

15 

OOH 

1 463 

1-461 

2 

5 



1-404 


5 

040 

1 -323 

I 324 

3 

5 

028 

1-281 

1 280 

6 

10 

316 

136 

1-271' 

1-269 

4' 

1 

15 

1 271j 

- 6j 

332 

1 222 

1-217 

4 

5 

044 

1-207 

1-207 

4 

5 

420 

118S1 

1-183 


, 5 

240 

1-I83J 

2j 

228 

M53 

1-158 

3 

5 


Supeilaliicc leflections which cannol be indexed 
in the leiragonal (scheelite) subcell. 


difference between a and b for low-tempera- 
lure samples is less than 0*01 A which has 
negligible influence on the calculated value 
of y. The variation in y, calculated with the 
assumption that a and h remain essentially 
equal, was determined over parts of the whole 
w-Nd^lWO^j^ region fortheoff-stoichiometric 
system (Fig. 8 ). In this diagram, the tempera- 
gure T is expressed as a reduced temperature 
where Ttr is the transition temperature 
for the composition under investigation. The 
results are presented as contours in Fig. 5 . It 
should be noted that the absolute values of y, 
particularly at the higher temperatures, may 


be in error by up to + 0 - 3 °; it is the trends which 
are significant. 

Variation iny with increasing temperature, 
determined as described in the preceding 
paragraph, was investigated also for a sample 
of pure Ndjj{W04);, (Fig. 9 ). No significant 
change in y is observed at the a ^ transi- 
tion, although DTA results indicate a large 
heat absorption for this transformation. 

DiSCUSStON 

Prior to a discussion of the interesting 
structural transformations involved in 
this study, it is useful to consider briefly 
the crystal structures of the four phases 
encountered in the system. 

/3-Nd2(lVlo04)3: Crystals of metastable 
j9-Nd2(Mo04K are isostructural with the 
previously examined /3-Gd2(Mo04)3, which 
has an orthorhombic true cell and a tetra- 
gonal sub-cell[I 3 , 14 J (Table I). The atomic 
arrangement within the subcell of Gd2(Mo04)3 
has been determined [ 13 ] and contains 
two crystallographically independent MoO, 
tetrahedra, with Gd in six-fold octahedral 
coordination. This is in contrast to the 
scheelite-based structures in which Nd 
exhibits eightfold coordination. There is thus 
little resemblance between thej3-Nd2(Mo04):i 
structure and the three remaining structures 
in the system, which probably explains the 
sluggish conversion of / 3 ~Nd 2 (MoOi )3 to 
a-Nd2{Mo04);i on cooling, and makes 
/3'-Nd2(Mo04)3 (just as the isostructural 
jS-GdaCMoO^):^) a metastable material at room 
temperature. In addition, j 3 -Nd 2 (MoO |)3 
is presumably ferroelectric by analogy with 
the ferroelectricity reported( 15 ) for the 
isostructural molybdates of Sm, Eu, Tb, 
Dy and Gd (in this case the high temperature 
form above the Curie temperature would 
then be designated y-Nd2(Mo04);{, metastable 
below 960 T and stable above 96 ()T). 

rt-Nd2(MoO,)3: One characteristic of the 
a-Nd2(MoO,);j phase, as shown above, is that 
the y angle for the scheelite-like sub-cell 
is exactly 9 ()°. X-ray examination of single 
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crystals oi' NdiMoO,)., indicated that the 
sub-cell IS truly tetragonal, with a - h and 
with tetragonal diffraction symmetry. The 
tetragonal unit cell is given in Table 1. I'he 
structure has now been completely dcler- 
minedl 9 , lOJ with respect to this unit cell 
with i Nd in each (\i position of the scheclite 
slructiirc. This occupancy, however, is not 
random. Ordering of the Nd atoms results in 
additional weak scattering corresponding to 
the monoclinic cell given in lable 1. 1he 
transformation matrix from the lelragomil to 
the monoclinic unit cell is (Mt)/()l0/I20). 
Figure l()(a) illustrates the complicated 
arrangement of Nd atoms over the sites 
available. In this structure, each Mo atom 
has 4 nearest-neighbor oxygen atoms which 
form an undistorled tetrahedron; each Nd 
atom is dodecahedrally coordinated to 8 
oxygen atoms. 


a-Nd.2(WO,),4: The structure of a-Nd^ 
(WOjj is the same as that of 
for which atomic positions have been deter- 
mined[8]. This structure is again based on a 
scheelite subcell, but a highly distorted one 
in which the angle y is 94 - 0 °; the true cell 
is monoclinic (Table 1 1. I'he ordering arrange- 
ment of 2 Nd atoms for every 3 Ca positions 
of scheelite is much simpler than in a~ 
Nd^lMoOju; along each ‘tetragonal’ axis 
every third site is regularly vacant (Fig. 
l()(b)). Coordination of the metal atoms is 
similar to that ino-Nd.2(Mo04);,, but with con- 
siderable distortions of the M0O4 tetrahedron 
and NdOn dodecahedron. 

)9-‘Nd2(W04).j: Because of the ready con- 
version of j3-Nd2(W04);i to a-Nd2(W04)3, 
no single crystals of the p phase are available 
at room temperature; determination of the 
structure would require a single-crystal X-ray 




THE NEODYMIUM MOLYBDATE-TUNGSTATE SYSTEM 


1233 



Fig. 8. Scheelile sub-cell y values in terms of the transition temperature 7,^ m 
the Nd,0,, . 3 4MoO,,-Nd,0, . 3-4 WOt system 



Fig 9. Scheelite sub-cell y values for NdjtWO,);,. 


diffraction study above 1045 °C. High tempera- 
ture powder X-ray diffraction, however, 
indicates that the structure is probably also 
scheelite-based, and the easy transition to 
a-Nd2(W04);} accompanied by a continuous 
variation of y (Fig, 9 ) suggests a close 
relationship between the two structures. 

I'he differences between the three scheelite- 
based structures in the Nd2(Mo04)3-Nd2 


system are related to the large 
number of possible arrangements for which 
2 Nd atoms replace 3 Ca atoms in the CaW04 
structure. The crystal structures of a- 
Nd2(W04);, and of a-Nd2(Mo()4)3 may be 
thought of as two extreme cases: in a- 
Nd2(W04)3 (Fig. 10 (b)) the ordering arrange- 
ment is one of the simplest possible and the 
distortions of the scheelite cell are the largest 
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observed; in a-Nd2(Mo04)3 (Fig. 10 (a)) the 
scheelite cell is completely undistorted but the 
ordering arrangement is particularly compli- 
cated. The i8-Nd2(W04)3 structure, for which 
y lies between 90 ° and 92 °, would appear to 
correspond to another variant of Nd arrange- 
ments, probably intermediate between the 
a-NdjjlMoOJ^ and a-NdzlWOJ.-j structures. 

The transformation from the a-Nd2(W04)3 
to the a-Nd2(Mo04)3 structure may be 
accomplished by either increase of the 
Mo:W ratio or by increase of temperature 
(Fig. ^). In either case the scheelite subcell 
angle y shows a gradual decrease to almost 
90 ° before the a-NdutMoO^i);, phase is reached 
(Fig. 8 ), followed by an abrupt change at the 
transition as y becomes exactly 90 °. That this 
IS indeed a discontinuous change is demon- 
strated by the large latent heat associated with 
this presumably first order transformation. 

The relationship between the a-Nd^ 
(Mo(J,) 3 and a-Nd2(W04)3 structures can be 
discussed in terms of sheets of Nd atoms. The 
a'NdijtWO^)^ structure (Fig. 10 (b)) contains 
continuous sheets of Nd atoms parallel to 
Telragonar ( 110 ), with every third sheet 
systematically absent. The af-Nd.2(Mo04)3 
structure contains similar sheets of Nd atoms, 
but continuous only in the ‘tetragonaf r 
direction. One structure could thus be derived 
from the other by a system of localized 
faulting plus the scheelite cell distortion. 
There is, therefore, the possibility of the 
formation of intermediate structures. Without 
detailed evidence from single-crystal X-ray 
studies, it is impossible to be certain that the 
Mo-rich end of the a-Nd2(W04)3 field truly 
has the tt-Nd2(W04):j structure. The heat 
associated with the transition does suggest 
that the major part of the faulting occurs 
suddenly at y = 90 ° or at least very close to it. 

One of the interesting points to emerge 
frona this study is the equivalence of an in- 
crease in the Mo:W ratio with an increase 
in the temperature for structural transfor- 
mations in this pseudo-binary molybdate- 
tungstate system. Mo and W atoms are 


almost identical in their crystallochemical 
characteristics (ionic radii, polarizabilities, 
coordination preferences, etc.) and in many 
such systems (e.g. CaW04:CaMo04, 
ErotWOi);,: Er.2(Mo04);j and ln2(W04)3: 
ln(Mo 04 ) 3 )[ 17 ] no change in structure is 
observed between molybdate and tungstate. 
Jn the present instance the addition of less 
than 3 mol. % Nd2(W04)3 causes the transition 
from the complex order of the tetragonal sub- 
cell of a“Nd2(Mo04)3 to the simple order 
by distorted subcell ofa-Nd2(W04)3. 
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NEW MELTING LAW AT HIGH PRESSURES* 
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Abstract~A new melting law at high pressures relating the change in molar volume to the change in 
molar entropy upon melting, of the form 

C + ln( - Vs”') = a{S, ”), 


is shown to hi the data presently available. 

The empirical melting law for high pressures 
recently described by Kennedy [1] and Kraut 
and Kennedy [2, 3] which relates the melting 
temperature 7"' and the specific volume of 
solid [^/"linearly as, 

= + ( 1 ) 

along the melting curve [4], is apparently not 
a consequence of the Clapeyron equation. 
However, it is known (as discussed by Kraut 
and Kennedy) that deviations from the linearity 
of ( 1 ) occur, for example at very high compres- 
sions in the alkali metals, and at very low 
compressions [2, 5] for argon and helium, 
providing, of course, that available melting 
data and compressibility data are taken at 
face value. In addition, no melting law ade- 
quately predicts initial negative slopes of 
melting curves or maxima in melting curves 
where changes in coordination of the liquid 
take place. 

Stishov has pointed out [6] that if one re- 
writes the Kennedy relation in the differential 
form 


d7. 


= const. 


( 2 ) 


■^Research supported in part by U.S. Atomic Energy 
Commission Contract AT(1 1-1)- 1.^37. 


and combines it with an empirical relation 
observed by Zhokhovskii [7], 


dlnAKS 


d7. 


■ = const.' 


( 3 ) 


where is the change in 

volume on melting, one obtains, 


din AK" 
dt^/' 


- = const." 


( 4 ) 


Equation (4) has been shown by Stishov 
to hold for such different substances as gases, 
alkali salts, and metals, over large volume 
changes, and this behavior leads him to con- 
clude that “a universal connection exists 
between the volumes of the liquid and solid 
phases along the melting curve.” 

The significance may be that entropy is 
dominant, for would be expected to 
depend on density change, and this depen- 
dence is basic to the validity of equations ( 1 -4). 

Accordingly we propose a new melting law 
at high pressure, of the form 

C+ ln(K;/"- Ks"') = ( 5 ) 

which relates the change in volume to 
the change in entropy AA;;^ upon melting. 
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The data presently available, plotted in the 
form of equation (5) in Figs. 1(a) and 1(b), 
show good agreement with linearity. 

Keeping in mind that the entropy change 
AS’"' along the melting curve can be written, 
from the Ciapeyron equation, as 

as;'/ - AF;"/(dP/dT"') (6) 

we observe that substitution of (6) into (5) 
leads to an integral equation of state along 
the melting curve: 


i 




dT' 


(7) 


It should be clearly understood that these 
relations are proposed to hold only for 
normally melting substances, i.e. substances 
where the melting temperature changes 
monotonically with pressure. The relations 
herein proposed may not hold for the very 
light gases at extremely low pressures and 



Fig 1(b). 



pjg. Ha). 


bigs l(a-b) Plot oi |r f ln(F, — '.S\)I for 

Viinoiis subsamccs, taken along Ihc melting curves, .V 
in units of cal/ mol '’K and V m units of cm Vmol. 

temperatures where quantum mechanical 
effects may take place, nor for substances 
with negative melting slopes nor rare sub- 
stances where change in coordination number 
of the liquid causes maxima in the melting 
curve; see discussionfl] by Kraut and 
Kennedy. 

-Wc thank W. F. Libby for calling 
our attention to the Kennedy relation. We thank G C 
Kennedy for helpful discussions about the data. 
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EXISTENCE OF AIR-GAPS IN SPECIMEN-ELECTRODE 
CONTACTS AND THEIR EFFECT ON DIELECTRIC 
RELAXATION PHENOMENA IN KCl AND NaCl* 

DEMITRIOS MlLIOTISt and DUK N. YOON 

Department of Physics and Materials Research Laboratory. University of Illinois, Urbana, 111, 61801. 

US.A 

{Received \A August 1968) 

Abstract- Dielectric relaxation effects previously reported in KCl and NaCl with and without divalent 
impurities are reexamined in the 35 Hz- 10 mHz range at temperatures between 200’ and 700’C It is 
demonstrated that, except for those effects which can be unambiguously attributed to the well-known 
divalent impurity-vacancy interaction, the relaxation at high frequencies and the polarization at low 
frequencies observed previously can he explained by the presence of air-gaps between the specimen 
and electrodes. A correct method for measuring the true ionic conductivity of ionic crystals is suggested. 


INTRODUCTION 

Dielectric relaxation and polarization phen- 
omena in alkali- and silver-halides have been 
widely studied. Breckenridge[l,2] first ob- 
served dispersions in the dielectric constants 
of many alkali- and silver-halides with and 
without added divalent impurities. These 
dielectric losses, which occurred at several 
different temperatures at a fixed frequency for 
some specimens, were attributed to the re- 
laxation processes involving various com- 
plexes of the divalent impurities and vacancies, 
l! was later discovered, however, that many 
of the relaxation peaks reported by Brecken- 
ridge could not be reproduced [3-6] and that 
some irregularities in the loss curves were 
caused by improper electrodes [3]. 

Recently, Sastry and Srinivasan[7], Econo- 
mou and Sastry [8] and Economou [9] observed 
dispersion in the dielectric constants of KCl, 
NaCl. and KBr crystals at the temperatures 
between 600° and 700°C in the frequency range 


*Supporled in part by the U S. Advanced Research 
Projecis Agency under Contract SD-13 1 and by the U.S. 
Atomic Energy Commission under Contract AT(1 1-1)- 
1198 

tPrcifwi address: Department of Physics, University 
of Athens, Athens, Greece. 
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between 1 and 10 mHz. These losses were 
attributed to the relaxation of anion and 
cation vacancy pairs. 

Dielectric losses in the 1-10 kHz range at 
temperatures between 100° and 500°C were 
also reported in NaCl[10, 11], KCl [12], 
LiF[13] and NaCl doped with Ca[ll]. These 
loss peaks, in most cases, were shown to be 
clearly distinguished from those [23] due to the 
divalent impurity-vacancy relaxation. 

In the low frequency range between 50 and 
1 000 Hz, Friauf [ 1 4] observed dielectric 
dispersion in AgBr at 200°-300°C. Later, 
Jacobs and co-workers[ 15-17] reported very 
large capacitance variation in the same 
frequency range in KCl with and without 
divalent impurities. Similar effects were also 
observed in NaCl by Bean [24]. 

The interfacial polarization caused by a 
uniform layer of high resistance between the 
specimen and the electrodes was suggested as 
a possible explanation of these losses [10, 24]. 
However, the nature of this high resistance 
layer or a method of eliminating it was never 
suggested. The low-frequency relaxation 
effects have been discussed most extensively 
in terms of theories of interfacial polarization 
developed by Friauf [14], MacDonald[18] 
and Beaumont and J acobs [17]. In these 


s 
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theories the inlerfacial polarization is de- 
scribed in terms of a Debye layer of charge at 
the electrodes. The most important parameter 
for interpreting the experimental results is the 
degree of charge blocking at the electrodes. 
The observed magnitude of the capacitance 
and its dependence on frequency could not be 
consistently explained by assuming various 
degrees of blocking within the framework of 
these theories. Also, the results of d.c, 
measurements fl9j could not be satisfactorily 
understood by (his model. 

Upon a careful examination of most of the 
experimental results described so far, two 
characteristic problems become evident: first, 
the irrcproducibilily of the data, and second, 
the large dependence on the material and 
condition of the electrodes. It is therefore 
suspected that these phenomena may not 
represent any physical processes inherent in 
the specimens or their contacts with the 
electrodes. 

In this paper it is shown that the relaxation 
phenomena in KC I and NaCI observed 
earlier, except those which can be unambi- 
guously attributed to the divalent impurity- 
vacancy relaxation, arc probably caused by 
the existence of actual gaps between the speci- 
men and the electrodes, hor convenience 
these gaps will be called air-gaps', 1 he theory 
of Ma\well-Wagncr|201 interfacial poiari/- 
alion, in which the air-gap is one of the 
dielectric layeis, is briefly reviewed. The 
validity of this model is demonstrated by 
experimental observations on specimens with 
deliberately introduced air-gaps, It is then 
shown that the high-frequency relaxation 
effects, which would be caused by large 
air-gaps, can be eliminated by improving the 
contact between the .specimen and the 
electrodes. 

In the low-frequency region, the observed 
strong dependence of the a.c. and d.c, relax- 
ation efTecis on the nature of the contacts is 
tilso explained most consistently by the 
air-gaps. While Friaufs and MacDonald’s 
theories assume that the degree of charge 


blocking is uniform at all areas of the speci- 
men-electrode contacts, the present model 
suggests that only part of the areas are com- 
pletely blocked by the air-gaps. The d.c. 
observations suggest that for a given applied 
voltage the areas of good contact show no 
blocking effect. 

Finally, based on these considerations, a 
method of measuring the true ionic conduc- 
tivity in ionic crystals is suggested. 

MAXWELUWAGNER I^LARIZATION WITH 
AIR-GAP 

A specimen of conductance Gs and 
capacitance Cs with an air-gap of capacitance 
C| can be represented by the parallel Gs and 
Cs in series with C,. The effective total 
parallel conductance G and capacitance C, 
which are the quantities usually measured 
experimenlally, are written as [20] 


c = r.+v" ^ 


G ~ Gx — Go — 


1 -h 

G.-Go 


1 


( 1 ) 

( 2 ) 


where w is the angular frequency, and C« 
(=r,), CJ=(C,Cs)l{C,^Cs)). Go, and 
G,,(=G,s(^^/(^^ +Cv))^) are the effective 
capacitance and conductance at the low and 
high frequency limits, respectively, t is the 
relaxation lime given by 



Gs 

C^ + Cs' 


(3) 


/i, is the frequency at which the maximum 
dispersion occurs. 

If the air-gap thickness is small com- 
pared to the sample thickness given by 

y. G QO G 0 

^‘'■‘27r6oc/.”2^(fo“GJ 

where is the dielectric constant of the air 
and (fs is the conductivity of the sample. 
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These relations show that the Maxwell- 
Wagncr relaxation is indistinguishable from 
the simple orientation polarization of the 
Debye theory. Also, these equations are of the 
same form as the solutions of the MacDonald 
[18] and Fnauf[14] theories with completely 
blocking electrodes. In this case, however, r is 
determined by the thicknesses of the specimen 
and the air-gap. 

When the air-gaps between the specimen 
and the electrodes can be divided into groups 
with different average values of the 
frequency dependence of the total effective 
capacitance and conductance will resemble 
the curves shown in Fig. 1. The average 
relaxation frequency/;, and the corresponding 
d^ can be calculated from equation (4) by 
taking for G, Cx, (7,,, C*, the values of the 
measured capacitance and conductance at the 
low and high frequency limits of the particular 
dispersion region. As the sample temperature 



I'ig. I The expected frequency dependence of the total 
effective conductance G and capacitance C caused by 
air-gaps of different thicknesses 


is increased, the /o's will increase linearly with 
conductivity if the air-gap sizes remain 
constant. 


EXPERIMENTAL RESULTS AND DISCUSSIONS 

The a.c. measurements were made by stan- 
dard capacitance bridge techniques. The 
bridges used were: for the 35-5000 Hz 
range, a General Radio Type 1603-A and 
716-C with a Hewlett-Packard 302 A wave 
analyzer; for the 5-500 kHz range, a Boon- 
ton Model 75 C; and for the 500kHz-10 
mHz range, a General Radio Type 82 1 -A. 
For d.c. measurements, a potential of about 
4*3 V was supplied by two Willard DH-5-1 
batteries, and the current was measured with a 
Hewlett-Packard recorder connected across 
a standard resistor in series with the specimen. 
Because the recorder response time was 
about 0*5 sec, the current immediately after 
the battery switch was turned on could not be 
measured. 

The KCI and NaCl samples were supplied 
by the Harshaw Company. The samples with 
divalent impurities were grown in this 
laboratory. NaCI-Ca samples contained about 
0*55 per cent Ca and KCl-Sr samples, about 
0-03 per cent Sr by weight. Typical sample 
dimensions were 0*5 X 0-5 X 0- 15 cm. 

Two different sample holders were used. 
The first sample holder, which will be called 
Sample Holder 1, is the commonly used co- 
axial line type [25] with platinum sheets hard 
soldered to nickel pieces. A spring was 
attached at the end of the electrode with a 
coaxial rod. The spring tension was varied 
from about 200g/cm‘ lo lOOOg/cm^. The two 
electrodes appeared to be almost parallel to 
each other, and no particular care was taken lo 
make them optically flat or parallel. The 
second sample holder, Sample Holder II, 
was a simple C-clamp with 12 mil thick 
platinum sheets as electrodes and two pieces 
of flat alumina and Refrasil cloth as insulators. 
Because of the swivel seat at one end of the 
clamp and slight deformation of the platinum 
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sheets under tightening of the clamp, the con- 
tact between the specimen and electrodes 
appeared excellent. 

To improve the contacts, silver paint was 
applied on some specimens. It was found, 
however, that improper use of the silver paint 
could have adverse effects, and great care was 
necessary for its proper use. After the appli- 
cation of the silver paint the samples were left 
at room temperature for more than four days 
to dry the organic material slowly. Then 
samples were placed in an oven and the 
temperature was slowly increased to about 
20()°C. If the drying time was less than four 
days, small bubbles were formed between the 
specimen surface and the paint when exposed 
to high temperatures. Large diffusion of silver 
into the specimens can also cause errors. It 
was found that at 7()0°C, when Sample Holder 
II was used, silver diffused rapidly into the 
specimens and the measured conductivity 
increased rapidly with lime. Up to about 
hOtrC', however, the silver diffusion appeared 
U) be small within the usual duration of experi- 
ments. In Sample Holder I, no significant 
diffusion of Ag was observed even at 70()°(\ 

{A ) ndihcrtitely iniwdnrvii air'^^aps 

Lxpenments were performed on a crystal 
with deliberately introduced air-gaps to 
demonstrate the validity of the equivalent 
circuit model described earlier. On both sides 
of a KC 1 crystal 0-05 mm-deep grooves were 
cut with a milling machine, so that only the 
four corners were in contact with the elec- 
trodes. rhe contact areas were about 10% of 
the total specimen surface area. 

I'he results of measurements on this sample 
at are shown in Hg. 2. fhe dispersion 
is due to the 0-05 mm air-gaps, because the 
frequency, /u. and the dependence of the effec- 
tive conductance and capacitance on fre- 
quency can be accurately predicted from the 
size of the air-gap and estimated conductivity 
of the specimen from equation (4). 

As the temperature is increased to about 
600°C, this dispersion region moved to the 



t iji 2 The dispersion observed in a KCI sample with 
deliberately introduced air-gap at 380°C. 7'he dissipation 
factor, tan was calculated from (i and C'. 

mHz range, and another dispersion appeared 
in the low (35^1000 Hz) frequency range. 
This low frequency dispersion, which is 
caused by the contacts at the four corners, 
will be discussed later. The initial (about 0-5 
sec after the application of the step voltage) 
dx. conductance was about one-tenth of the 
expected value and the steady state value was 
even less. 

{H) High frequency dispersion 
The high frequency dispersions usually 
observed in ordinary experimental situations 
will now be discussed. Table 1 shows some of 
the typical dispersions we observed in NaCl 
and KCI crystals; the temperature and 
frequency ranges are consistent with those 
reported earlier[10-13]. Sample Holder I was 
used with flat and apparently parallel elec- 
trodes. The samples had cleaved surfaces. 
Initially, only small spring pressure was 
applied, and these dispersions were observed 
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Table 1. The relaxation frequencies, fp, observed in the kHz 
range at temperatures, Tm, the estimated thicknesses, cIa, and 
the fractional areas, A'/Ag of the air-gaps causing these relaxa- 
tions. The conductivity, a, was calculated from the observed 
conductance at the high frequency limit 


Sample 

T,n 

CQ 

ds 

(cm) 

(7 

(/Ltmho/cm) 

(kHz) 

(mm) 

AlA, 

KCI 

566 

0-13 

11 

35 

0-022 

0-76 

NaCl 

546 

0)5 

2-5 

60 

0 020 

0-40 

NaCl-Ca 

220 

- 01 

-0-3 

3 

-0-006 

0-88 


at fixed temperatures before heating the 
samples close to their melting points. In case 
of NaCI-Ca, the dispersion listed here is 
clearly distinguished from another dispersion 
caused by the divalent impurity and vacancy 
interaction. The air-gap thickness, d^, was 
estimated from the observed/, using equation 
(4). The ratio between the air-gap area, A\ 
and the total specimen area, /t v, was estimated 
from f/o and Goo- These values do not neces- 
sarily represent the actual size of the gaps, 
because the dispersions show the net effect of 
the gaps on both sides of the specimen 
surfaces. 

The following observations suggest that 
these relaxations are caused by air-gaps. First, 
the reproducibility of the dispersion frequency, 
./o, was extremely poor under, presumably, 
identical experimental conditions. Secondly, 
as the contacts were improved, the dispersion 
consistently decreased, and after the speci- 
mens were kept at temperatures close to the 
melting points under high spring tension for 
about one hour, the dispersion disappeared 
almost completely. Figure 3 shows the dis- 
persion curves observed in an NaCl sample 
before and after raising the temperature of the 
specimen to 750T. With careful application 
of silver paint or with the use of Sample 
Holder II, the dispersions also disappeared. 

These dispersions will be shifted to mHz 
range as temperature is increased close to the 
melting points. The losses which occur in the 


mHz range were given special attention, be- 
cause these were earlier attributed to the 
vacancy-pair relaxation by Sastry, Economou, 
and Srinivasan[7‘9]. Losses similar to those 
reported by Sastry, Economou. and Srini- 
vasan were sometimes found in KCl when 
Sample Holder I was used with a low spring 
pressure. However, when the specimen was 
left at about 700°C for a few hours, the loss 



Fig. 3, The dispersion observed in an NaCl sample at 
546®C before (the circles) and after (the triangles) raising 
the temperature close to the melting point. 
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peak became smaller. When higher pressure 
was applied, the peak immediately disappeared 
almost completely. Again, with silver paint 
application or with Sample Holder II, no loss 
was observed in this frequency range. Figure 4 
shows the result in Sample Holder I with a 
silver painted specimen. 

Analysis of Sastry and Srinivasan’sl?) data 
at 7()3T shows that their air-gap thickness 
was probably about 7x 10*'^ cm. Using equa- 
tion (4) and values of Go, G ,., C,, and C\ given 
in their paper, the observed /(> can be predicted 
fairly accurately. Economou’s observation 
that the loss peak frequency,/,, was indepen- 
dent of the sample thickness could not be 
substantiated; the apparent loss frequencies 
varied almost randomly from sample to 
sample regardless of their thickness, 

The dispersions which arc usually attri- 
buted to the divalent impurity-vacancy pair in 
NaCl-Sr could not be eliminated by improv- 
ing contacts. If this relaxation were caused by 
air-gaps, the expected thickness of the gaps 
are so large that they could have been easily 
eliminated, Also, many careful previous 
measurements [23 1 show that this is a volume 
phenomenon. 

( G ) frequency dispersion 

It IS obvious from the discussions thus far, 
that if cxticmcly thin air-gaps exist between 
(he specimen and electrodes, high-capacitance 
dispersions will be found in the low-frequency 
region. The question to be dealt with here is 
whether any such air-gaps were the direct 
cause of the high-capacitancc dispersions in 
the 300- 1 000 H/ range observed by Friauf 
[141 and Jacobs and co-workers [ 15-171. 

With common electrode techniques of 
healing the sample between the electrodes to 
temperatures close to the melting points, 
applying silver paint, or evaporating platinum, 
it is not difficult to imagine, that at some por- 
tions of the specimen-electrode contact area, 
actual gaps of extremely small size will exist. 
In fact, it was pointed out by Panchenko[2l] 
that extreme caution is necessary to reduce 



to 10^ in’ to* 

f Kt- U'JFNCY UH«I 


htf!. 4 t he observed frequency dependence of the 
imaginary part ot the dielectric constant, (.>. of KCl at 
693X' 

air-gaps with these techniques even at low 
temperatures. In addition, the contacts can 
become worse at the temperatures at which 
measurements are performed, because the 
thermal expansion coefficients of the alkali- 
halide crystals arc about ten times larger than 
those of the usual noble metal electrode 
materials. 

Although attempts to eliminate the dis- 
persions presumably caused by extremely 
small air-gaps were not successful, the 
following observations strongly suggest that 
the air-gaps were the direct cause of the low 
frequency dispersions reported previously 
[I4-17J. 

First, there was a strong dependence of the 
relaxation effects on the surface condition of 
the specimens, which can be most readily 
and consistently explained by air-gaps. The 
a.c. measurements shown in Fig. 5 were 
performed with Sample Holder II. With this 
sample holder, the observed low frequency 
dispersion effects did not significantly change 
after heating the samples close to the melting 
point. The d.c. measurements shown in Fig. 6 
were performed immediately after the a.c. 
measurements. 

Although these curves represent the super- 
position of many dispersion frequencies 
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I’jg The observed frequency dependence of the capaci- 
tjnee in KC'l-Sr samples of different surface conditions 
al603T. 



I ig fi I he observed effective conductivity, tr, as a func- 
iion of lime after applying a step voltage, for KCl-Sr 
samples of different surface conditions at 603T. 

Caused by air-gaps of varying thicknesses, 
both a.c. and d.c. measurements show the 
expected variation of the air-gap sizes with the 
surface condition; the d.c. results show that 
the specimen whose surface was roughened 
with sandpaper has large air-gaps covering 
large areas, whereas the silver painted speci- 
men has predominantly smaller gaps, causing 
the slower decay of the d.c. current. Since the 
dispersion region in the silver-painted speci- 
men is mostly at very low frequencies, the 
capacitance observed at the measured fre- 
quency range is smaller in the silver painted 
specimen than in the roughened specimen. 


The cleaved sample shows intermediate 
behavior between these two cases. Actually, a 
similar systematic dependence of the disper- 
sion effect for different electrodes is quite 
evident from the data of Allnatt and Jacobs 
[15J. 

Secondly, the large steady state d.c. con- 
ductivity shows that, at least with the parti- 
cular voltage (4-3 V) applied, transfer of 
charges between the specimen and electrodes 
is not impeded at most of the contact area. In 
addition, the steady state conductivity appears 
to increase with improving contact. It is 
difficult to attribute such large d.c. conduc- 
tivity to electron conduction, as suggested by 
Jacobs and Maycock[16]. 

Finally, direct observation of the contacts 
indicates the presence of air-gaps. For direct 
observation of the contact area, a cleaved KCl 
sample was placed in Sample Holder I with 
6 mil thick platinum sheets on both faces. It 
was kept at TOOT for 1 hr under high spring 
tension and slowly cooled to room tempera- 
ture after reducing the spring tension. The 
crystal was intact and the platinum sheets 
appeared to be firmly attached to it. The 
sample was then cleaved through the middle, 
and the contact area was observed under the 
microscope from the cleaved end of the 
crystal. 

The contact area, which covered about half 
of the crystal surface, could be clearly distin- 
guished from the non-contact area. Some 
evidence for the occurrence of thermal etching 
in the non-contact suggests that the gap was 
present also at high temperatures. The 
thickness of the gaps observed under the 
microscope was extremely small. 

The presence of air-gaps explains the con- 
fusion in the previous attempts to interpret 
these polarization effects in terms of a Debye 
layer of charges within the crystals. Since the 
polarization is determined by the thickness 
and area of the gaps, the existence of the 
Debye layer caused by blocking of the charge 
can be viewed as a consequence of the exist- 
ence of the gap. 


s 
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Although no experimental observations on 
AgBr were made, il seems possible that the 
polarization effects in AgBr observed by 
Friauf[141 were also caused by air-gaps. The 
effects in AgBr were observed at lower 
temperatures because the conductivity of 
AgBr is higher than KCI or NaCI at the same 
temperature. In fact, in any ionic crystals, the 
existence of air-gap in the specimen-electrode 
interface will cause polarization effects. 

CONCLUSIONS 

It was shown in this paper that the relaxa- 
tion effects in KCI and NaCl observed in the 
kHz and mHz range, except those which can 
be unambiguously attributed to the divalent 
impurity and vacancy interaction, can be 
eliminated by improving the contact between 
specimen and electrodes. The existence of 
actual gaps is the most likely cause of the 
apparent relaxation effects. 

Also, in the low frequency range, air-gaps 
appear to provide the best explanation for the 
high-capacitance polarization effects, although 
the effects could not be completely eliminated 
by usual electrode techniques. 

One important aspect of the present work is 
that a correct way of measuring the ionic 
coniliiclivily can be suggested. With a d.c. 
technique. Sutler and Nowick [22] suggested 
that the final steady-stale conductivity, and 
not Ihe initial conductivity, represented the 
true ionic conductivity. Although they were 
probably correct, at least in part, in interpreting 
the lime dependent polarization observed at 
low temperatures as real dielectric phenomena, 
they also assumed that the contact was perfect. 
Since the contacts are shown to be imperfect 
in (his paper, neither the initial nor the final 
d.c, conductivity gives the true ionic conduc- 
tivity under ordinary experimental situations. 
Instead, a.c. techniques should be used. The 
existence of large air-gaps may be easily 
checked by extending the measurements to 
fairly high frequencies, and large gaps can be 
easily eliminated by usual methods of im- 
proving contacts. Since the low-frequency 


dispersions, probably caused by very small 
gaps, are difficult to eliminate, the frequencies 
must be above this range to measure the 
correct ionic conductivity. At very high fre- 
quencies, however, the dipole orientations of 
the divalent impurity-vacancy pair can cause 
error in the measured conductivity. 

Although only KCI and NaCl were mea- 
sured experimentally in this work, these 
conclusions should apply to other alkali- 
halides, silver-halides, and ionic crystals in 
general. 
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SECOND-RANK TENSOR ANION POLARIZABILITIES 
IN SOME RUTILE GROUP CRYSTALS 
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Department of Geology, Florida State University, Tallahassee, Fla 32306. U.S.A. 
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Abstract -Straightforward compulation of anion polarizability elements for light electric vector 
vibration parallel with, then normal to, the plane of three cations bonded to each amon [either (110) 
or ( 1 10)J in six rutile-group minerals yields the following values. 



a 

cation 

(A-’) 

anion 

(A’) 

anion 

(A^) 

ri02(Rulile) 

2-5 

3.-5 I 

22’6 

SnO.iCas'iiterile) 

30-5 

10-5 

23-6 

GeO^ 

11-9 

18-0-18-7 

7 0-5-4{ Depending on n^) 

MgFo(Sellaite) 

7-9 

7-2 

80 

ZnF, 

9-9 

100 

130 

NiFa 

15-0 

7-6 

10-4 


( The values are in rationalized units, and for lowest available visible refractive indices The isotropic 
cation polanzalities are ‘input’ data.) Actually, the tetragonal character of these minerals precludes 
rigorous separation of the two elements for vibration normal to the cation plane and parallel to the 
cation plane, but normal to the r-axis. These two elements are linearly related. The linear relation is 
solved by the approximation that the parallel clement of this relation and the element for vibration 
parallel both with the cation plane and with the c-axis are equal This approximation improves as the 
three bond lengths approach equality. Of the minerals reported, only cassitenie has all nearest- 
neighbor bond lengths essentially equal; anion polarizability values are hence more nearly rigorous m 
this respect for cassitenie than for the other minerals. Reiteration with all the values is necessary for 
refinement 


INTRODUCTION 

A RIGOROUS model relating ion properties to 
crystal optical behavior demands anisotropic 
polarizahilities. On the other hand, attributing 
anisotropy to each ion gives rise, for most 
crystals, to equations that are intractable. 
Hence, in the present paper, the anion polar- 
izability alone is represented as a second-rank 
tensor. The method developed is applicable 
for crystals referable to orthogonal axes 
with only one anion type and environment. 
The method is demonstrated by the com- 


^ Present address: Crystal Physics Branch and Geo- 
physiccil Sciences. Georgia Institute of Technology, 
AtlunUi.Ocorgij 30332, U.S.A, 


putation of anion polarizability tensors in 
six rutile-group compounds. 

The assumptions used are similar to those 
in works by Bolton, Fawcett and Gurney 
(BFG)[1] and by Field[2J. These assumptions 
include the following: (a) ions polarized by 
electric fields with the frequency of visible 
light can be well approximated as point 
dipoles at the ionic sites, (b) cation polar- 
izabilities can be represented as isotropic, 
and (c) the dispersion exhibited in some rutile 
compounds is a relatively insignificant devia- 
tion from the conditions of the Maxwell 
(n^ = K) relation. Assumption c is of partic- 
ular interest, of course, because the real 
part of the dielectric constant is strictly 
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equal to the difference between the squares 
of the real and imaginary parts of the re- 
fractive index at frequencies where dis- 
persion is observed. Whereas no absorption 
data are available giving imaginary parts of 
refractive indices for polarized light in the 
rutile minerals, assumption c is unavoidable. 
The method developed by BFG[ 1 ] had been 
the basis for the calculation of anisotropic 
anion polarizabilities in the following rutile 
group compounds: rutile-TiO.^ (by BFG); and 
rutile, GeO.;, and stishovite-SiO^ (all by Field). 
The present method is similar to that of BFG 
in that the original equations are essentially 
equivalent. The differences are in the modes 
of solution and simplifying assumptions. 
The rutile group is chosen for study because 
there is considerable variation in cation 
field strength, and because there is some 
‘biaxial’ asymmetry at the anion sites. 

The system of units used is Lorentz- 
Heaviside, or, equivalently, cm g sec, ration- 
alized. 


THE METHOD 

Fquation (1) describes the anistropic re- 
sponse of ion /' with polarizability tensor 
elements to a local electric field with 
components (E/-)j by the development of a 
dipole with components 

ifXr), {ar)„{t:r)r (I) 

(The prime is necessary because of future 
notation difficulties.) The second-rank tensor 
subscript notation and summation convention 
is as presented in Nyc[3J. 

The local fields are determined by the com- 
bination of the macroscopic field and the 
dipole fields of the other ions, which creates 
a cyclic dependence of local fields on other 
local fields. In general, the present method 
of accounting for these electrostatic inter- 
actions is similar to that introduced by 
Bragg [4], who used the logic inherent in the 
Lorentz-l^orenz equation. A fictional cavity 
is constructed around the central unit cell, 
in the form of an expanded unit cell. See 


BFGfl] for a discussion of the merits 
of this cavity shape. The local electric 
field Er can then be equated to the sum 
(F T/4'' + fi^'). The last two terms are correc- 
tions to the macroscopic electric field 
represents the field from the distant 
dipoles, outside the cavity, acting collec- 
tively as a continuum. represents the sum 
of dipole fields from ions inside the cavity. 
The size of the cavity is the important factor 
in bringing about a convergence of the sum 
to a value near that of the real 
interaction field. 

The components of the macroscopic 
polarization (dipole moment per unit volume) 
of a crystal can be represented by summing 
the components of the individual dipoles 
in a given volume, as shown in equation ( 2 ). 

2 + BJ') (2) 

r=\ 

where ( 7 ,, f /3 are unit cell dimensions; 

P, is the /-component of macroscopic polar- 
ization; /' identifies the original ion, at which 
the various quantities are evaluated (n.b.- 
the /' ion occupies the origin of axes and the 
origin changes for each term in the series); 
and W is the number of ions in the unit cell. 

The components of F, and can also 
be evaluated in terms of other tensor re- 
lations with P. The tensor matrices Xi (dielec- 
tric susceptibility) and Pj (Lorentz cavity 
factor) are already diagonal for orthogonal 
crystal systems. 

(3a) 

Xj 

and 

(3b) 

where xj” t)y the Maxwell relation; 

and 


'-tan“ 

TT 


u.u. 


u^V{U'i+ui+u-) 


, etc. [ 1 , 2 ]. 


depends on the evaluation of the dipolar 
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fields of all other dipoles within the cavity. 
Ions need only be located in the central unit 
cell* as incremental lattice translation locates 
counterpart ions, Because changing the /' 
ion can locate new sets of ions on faces, 
edges, and corners of unit cells and of the 
Lorentz cavity, it is necessary to introduce 
a second index (/, which only in combination 
with /' denotes a given ion in any unit cell). 
Reference to a particular ion in a particular 
unit cell requires the integer values of /'> 
/, m,, nil a*3d where nii indicates one from 
the set of lattice planes normal to the /-axis. 
Then 

S ''=2 2 2 2 VKm/- n/47rr“] 

/=! m\--t rm=~t 

in which [5] V is the number of ions shared 
by, or belonging to, the central unit cell 
(The prime indicates that V is dependent on 
the value of /' and the prime on the first 
capital sigma indicates the convention that 
the term when /' = / is excluded if m, = m 2 = 
m 3 = 0.); / is the number of unit cells to each 
side of the central unit cell within the Lorentz 
cavity (If t==2, there are 125 unit cells in 
the Lorentz cavity.); V is the gradient oper- 
ator; jif is the dipole moment of the ion / 
when I' is at the origin; r is the distance 
from the origin to the ion /, or one of its 
[ ( 2 r + 1 )^ - 1 ] counterparts , as determined 
from the relation 

r = V(t/;(m, + + K'T 


if (UJp, and (ujp are the co- 

ordinates of the / ion relative to the /' ion at the 
origin; and 

r is the unit vector from the origin to ion 
/ or one of its counterparts, the components 
being determined by the relations 

= (nii-\-Xl')UJr, etc. 

Hence, if 8j^ is the Kronecker delta and 


(Gj\=(Cf)^ 

i i i 

mi^-l mi=~t 47rr^ 

then 

= 2 ' (Oi)MX 

l=l 

where each (Gf is the sum of geometrical 
factors relating the contributions from the 
^-components of the / dipole and its counter- 
parts to the y-componenl of the local field 
at the origin (/' ion). 

Determining the local fields that affect the 
values of the (/i{'), presents the same di^fficul- 
ties as evaluating the local fields Er, in 
equation (1). To solve this problem, the local 
field is separated into macroscopic, Lorentz, 
and dipolar portions, as was done for the 
fjLn dipoles, but a value of zero is assigned to 
the dipolar portion. It is thought that the 
method presented here is an improvement 
because the (arbitrarily) nil dipole inter- 
action correction alfects not the central ion /', 
as it does in methods based on Lorentz- 
Lorenz reasoning, but the other ions /. 

55 * is then approximately given by 







J — p 


(4) 


where all symbols have been explained except 
(af)oj„ which is the same as the <75-element 
of polarizability for the ion / in the central 
unit cell when the /' ion is at the origin; and 
which is 8 if the / ion is on a comer of the 
unit cell, 4 if the / ion is on an edge, 2 if the 
\ ion is on a face, and unity otherwise, all 
when the t ion is at the origin. 

Combining equations (2), (3), and (4), and 
letting 






s 
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Application of three linearly independent 
polarization vectors to this equation could 
yield the nine independent equations neces' 
sary to attain values for the nine polariz- 
ability tensor elements (a/Oij of one ion I'. 
Rather than to attempt solution of these nine 
simultaneous quadratic equations, a further 
simplification is introduced. The anisotropic 
polarizability elements (a:py, at the / dipoles 
are replaced by isotropic polarizabilities 
aj'. Three sets of three linear simultaneous 
equations in (a/Oij, and (arhj are 

thereby obtained when any three linearly 
independent polarization vectors are applied: 


where the T in (aria indicative of a selected 
individual /' dipole with which reverse 
symmetry operations can bring the other /' 
dipoles into equivalence, and where the 
riJI and ajj are direction cosines appropriate for 
relating each other anion to T (the cosines 
assume values of ±1'0). For convenience, the 
three unit polarization vectors ([P,, P 2 .P 3 ] = 
[1,0,01, [0,1,01, ^nd [0,0,1]) are chosen 
and equation (5) is specialized; 

C,i,Aar),j== (7) 

where 


(U^IWP. = 2 






(5) 


Equation (5) is the general equation, which 
is valid in the absence of detailed symmetry 
information or additional simplifying assump- 
tions only for minerals with one ion per unit 
cell. One such assumption that has been made 
is that ions with demonstrably small polar- 
izabilities (such as many cations) can be 
assigned isotropic polarizabilities without 
introducing substantial error. 


THE RESULTS 

Even though the cations are hero re- 
prescnled to be isotropic, it is still only 
pt)ssible to obtain polarizability elements for 
one anion, unless all anions happen to be 
symmetrically equivalent. The anions in 
rutile crystals arc equivalent, and con- 
veniently are related by reflections and 
rotations of 180°, 

With the incorporation of equation (6), the 
axis-transformation law specialized for re- 
flection or rotation only through IHO*", the 
equivalent elements of any one set 

of symmetrically equivalent ions in the unit 
cell are appropriately equated. 

(ar),, == aWn Mu (^) 


r=r 




and 




(/" 1 ) 




+ 2'^G/')u 




with P,„ = I and the other P components 
zero. Obviously, the ions must be numbered 
so those are first that are to be approximated 
to be isotropic (in this case, cations); hence, 
r in equation (6) is one more than the number 
of cations. 

A Fortran IV program was constructed for 
calculation of the and Ki,„ of equation 
(7). The program was shown to represent 
correctly the computation of these values by 
a hand check for a hypothetical mineral with 
only one cation and one anion per unit cell. 
Computations were then carried out for rutile- 
TiO^, cassiterite-Sn02, GeO^, sellaite-MgF 2 , 
ZnF^ and NiFs, all with the rutile structure. 
The ions in a rutile mineral occupy the general 
sites [6] given in Table 1, in which the number- 
ing is for this paper only. D assumes a 
different value for each mineral, as shown 
in Table 2. (O, in Table 2 is the value D would 
have if all nearest-neighbor bond lengths were 
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Table I. General ion locations in rutile- 
group minerals (See Table 2 for values of 
D in specific minerals) 


Ion ir ) 

Xr 



Type 

V' 

1 

0 

0 

0 

Cation 

15 

2 


i 

i 

Calion 

15 

3(r) 

(KD) 

(1 -fO) 

i 

Anion 

13 

4 

(1-0) 

(HO) 

i 

Anion 

13 

5 

D 

(1-0) 

0 

Anion 

13 

s 

(1-0) 

0 

0 

Anion 

13 


equal and the (7, and values remained the 
same; D, is given to demonstrate the extent 
that the anion site symmetry differs from 
uniaxial.) Anion 3 is chosen as T, to which 
all the other equivalent anions are trans- 
formable by symmetry operations. V’ is 
also given, representing the number of ions 
belonging to or shared by the unit cell 
centered on ion /'. 

Along with D and D,, the other data used 
in the computations are given in Table 2. 
The lowest visible refractive indices available 
in the literature were sought, to avoid as much 
as possible dispersion effects from absorption 
peaks in the ultraviolet [7]. (Besides the 
comments concerning dispersion in the 
introductory section of this paper, a comment 
is necessary about the desirability of com- 
puting complex polarizabilities to represent 
d>spersion of polarizabilities. For the same 
reasons that the real polarizability elements 
of one ion only can be calculated, it would be 
possible to determine complex elements for 
only one ion- in this example, an anion. This 
neglects those dispersive mechanisms that 
have little to do with anions; e.g. cationic 
electronic transitions, and charge-transfer 
transitions. Another suggestion -that the 
extrapolation of visible indices to infinite 
wavelength be used- implies that this value 
would allow computation of electronic polariz- 
ability elements from the static dielectric 
constants. One of the approximations in the 
equations derived here is that the macro- 
scopic electric field is constant throughout 

s 


the Lorentz cavity, which is only about 0 01 
of the wave-length of visible light. The 
approximation obviously does not introduce 
much error. Additionally, data for such an 
extrapolation are available only for rutile, 
cassiterite, and sellaite. It is also doubtful 
whether the extrapolated indices could be 
trusted because of the sensitivity of the slope 
of the dispersion curve to the difference be- 
tween the resonance frequency and the 
frequencies of visible light.) The high dis- 
persion in the rutile oxides and the high cation 
polarizabilities are undesirable because the 
conditions of assumptions in the derivation 
are then not strictly fulfilled, but these are 
considered to be merely disadvantages of the 
rutile group. 

For each rutile-group mineral computed 
and obviously because of the symmetry of 
anion site 3, the following coefficients were 
not zero; Cm, ^212^ C222 and Carig. The 
following constants were not zero; Kn, 
K 22 and The five coefficients were within 
an order of magnitude of unity and the three 
constants were within an order of magnitude 
of one hundred; the other constants and coeffi- 
cients were within 10'*’' of zero, and were 
considered nil. Moreover, it was observed 
for each mineral that C,2r 

and = (Computed C^i, C,2,. C^- 
A'l, and A',., values are reported in Table 3.) 
With these observations in mind, equations 
(7) can be rewritten as follows: 


C,ii(«;i)ii+C,2j(a:5),2= A'n 

I8a) 

C T Cn ” A^il 

(8b) 

~ K-y\- 

(8c) 


The site symmetry of anion 3 allows near- 
complete solution of these equations. At the 
same time, it is desirable to transform the 
polarizability tensor by rotation 45° about 
X5, which refers polarizability to its principal 
axes. (Anion 3. along with all other anions, 
then lies on the intersection of a 'new' ///, 
and an m,, mirror plane.) The polarizability 
elements for the new orientation are primed 
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Table 3 . Computed values for Cm, C121, and t is the integer such that 

there are ( 2 /-f If unit cells in the Lorenz cavity; thus the larger t the more accurate 

the values 



/ 

Ciii 

ptatcoiiK 

1 A^ / 

Cin 

/ staicouh 

' A* J 

L 133 

/slatcouh 

' ' A“ '/ 

Ku 

(statcoul.A) 

^.-33 

(slatcoul.A) 

TiO, 

1 

4-6825 

0-7053 

2-6349 

139-529 

92-275 

(6407 5 A indices) 

2 

4-6875 

0-6891 

2-6250 

139-554 

92-225 


3 

4-6876 

0-6847 

2-6249 

139-558 

92 217 


4 

4-6876 

0-6829 

2-6248 

139-560 

92-213 

TiO, 

1 

4-6825 

0-7053 

2-6349 

142-657 

93-457 

(5893 A) 

SnO. 

1 

4-5614 

3-0091 

2-8772 

58-131 

30-596 

(7152 A) 

2 

4-5558 

2-9841 

2-8884 

58-237 

30-383 


3 

4-5542 

2-9772 

2-8916 

58-270 

30-318 

GeO^ 

1 

4-7685 

1-8706 

2-4631 

69-656 

44710 

(58M A,n, = 2 05) 

2 

4-7698 

1-8481 

2-4606 

b9-lb2 

44-4 


3 

4-7691 

1-8418 

2-4618 

69-783 

44-4 

C;eO. 

1 

4-7685 

1-8706 

2-4631 

69-656 

46-356 

(5893 A,«,-2-10) 

2 

4-7698 

1-8481 

2-4606 

69-762 

46- 145 


3 

4-7691 

1-8418 

2-4618 

69-783 

46-104 

MgF, 

2 

4-1933 

0-8659 

3-6135 

31-495 

26-073 

(7065 8 A) 

MgFi 

1 

4-1946 

0-8733 

3-6109 

31-666 

26-192 

(5893 A) 

2 

4-1933 

0-8659 

3-6135 

31-675 

26-175 

ZnP, 

1 

4-1836 

1-0000 

3-6327 

46-721 

36 501 

(5893 A) 

2 

4-1817 

0-9923 

3-6366 

46-728 

36-488 

NiK, 

1 

4-2142 

1-5275 

3-5716 

35-606 

27-061 

(5893 A) 

2 

4-2Ky6 

1-5175 

3-5787 

35-602 

27-070 


in equcilion ( 9 ), and the anion subscript 3 is 
dropped, as this is the only ion of interest. 


' 0:22 


Ci' 2 i Cjii 

C121 “ C| 1 1 


2 /C. 


(C 121 C] 


( 9 ) 


~ ^'i.i/C;i;i3, and 

Ct['i~Ot2\ — Q 13 — ~nf 2 ;{ ~ 0^32 ^ 0 . 

Without other assumptions, it is not possible 
to solve for ajj and ^22 explicitly. The relation- 
ship between them is obviously linear. Be- 
cause C|ji ^ C 121 and Ciii, C121, C;j33, /C.|, 
and /C:j3 are positive in each case, the slope of 
the line is negative and the oj, and 022 inter- 
cepts are positive. 

Listed in Table 4 are values for a" and 


(polarizability elements for application of a 
local field to anion 3 first parallel, then per- 
pendicular, to the plane of three cations to 
which anion 3 is bonded), a'^ and are ob- 
tained by assuming that the slight differences 
in bond lengths are of so little consequence 
that a22 = This is the assumption made by 
BFG[l] and Field[ 2 ] for all their computa- 
tions. A comparison of a" and for WiX 
by BFG and Field with those of this work is 
provided in Table 4 . The alternative results 
are obviously comparable, considering the 
much greater accuracy (greater /) sought by 
BFG and Field. The results obtained are 
considered to be adequate for future iterative 
refinement, a" and values for GeO-^ are 


s 
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Table 4. a" and a '^for six rutile minerals. The values ftiven 
are for the most accurate (largest /j C,,,, C, 2 i, Ciss. f(i\ ond 
values. Where pertinent, the values are compared to BFG [ I ] and 
h'ield\2\. Because the a" and a*- are obviously dependent on the 
cation polarizability, this value is also indicated 


TiCL 4 

(f>4()7'^ A indices) 

TiO. 1 

(<mAj ■'[]] 

1^12] 

SnO, 3 

(71*?: A) 

GeO, 3 

(*5893 A.//, - 2 OS) 

CicO, 3 

(584^3 A. 2 10) 13121 

MgP, 2 

(76hS 8 A) 

MgPj 2 

(St/x3 A) 

/n\ , 2 

tSK03 A) 

NiP. 2 

(S893 A) 


Canon 


polarizability 

(A') 

a" 

(A'’) 

0 ^ 

(A') 

2 5 

35 -I 

22-6 

2-S 

33-5 

23-7 

2-5 

.32 4 

2I-7 

2-6 

32- 1 

22-0 

30-5 

10 5 

23-6 

M 9 

180 

7-0 

11-9 

l«-7 

5-4 

1-3 

21-4 

I6-6 

7-9 

7-2 

80 

79 

7-2 

8-0 

9 9 

lOO 

13-0 

I.S-0 

7-6 

10-4 


also compaicd wiih those by F icki, with less 
success. I icld approMmated the scalai 
polarizability of Cic to he 1'26A‘ by the 
assumption that ihe polarizability varies 
directly vvilh the cube of the ionic radius. 1'he 
value for the Cjc polarizability from Tcssnian, 
Kahn and Shockiey|iI| (ll*9A-‘) is used 
herein. I his diirerence in cation polarizabili- 
ties explains the observed dillerences in 
computed anion polarizabilities. 

Vaniaka and Nanta| I8| have reported some 
elfects ot' the development of permanent 
anionic dipoles in response to linite electric 
lields at anion sites in iinilliiminated rutile 
crystals. I hesc dipoles are of no concern to 
the present computations, because equations 
(9) are satisfied by the additional dipole 
moments that are induced in the anions by the 
illumination fields. 

SUMMARY 

A method to compute optical anion polar- 


izability tensors in selected minerals is 
developed, by restriction and approximation 
in the general equations until they can be 
solved. By this approach » it is possible to 
describe anion polarizabilities in the rutile 
group more completely than before. The linear 
relationship between and 0^22 iu equation 
(9) is, in a sense, a generalization of the ‘point' 
relationship between a'' and a^. ( onsiderable 
knowledge of the anion environment in the 
form of symmetry information not incor- 
porated in the general equations is still 
required for solution for a'' and . 

The available anisotropic anion polariza- 
bilities for rutile-group compounds included 
rutile Ti02, Ge02 and stishovite-SiOi (with 
assumed structure). This list is extended, in 
Table 4, to include values also for cassiterite- 
SnO^, sellaite-MgF 2 , NiFa and ZnF^, all 
obtained by the present method. 
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ELECTRICAL PROPERTIES OF )8-PHASE NiAl 
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Abstract “The vanation of the electrical resistivity of the intermetallic compound j3-NiAI at IT and 
298®K is characterized by a sharp minimum at the stoichiometric composition and can be explained by 
electron scattering from constitutional point defects, fhe Hall coetficiem shows proportionality to the 
electrical conductivity and changes the sign twice within the homogeneity range. Positive and negative 
contributions to the Hall coefficient are interpreted by the shape of the Kermi surface relative to the 
Brillouin zones. Room temperature values of the absolute thermoelectric power and of the high 
frequency conductivity measured by optical methods indicate that the Fermi surface overlaps into 
higher Brillouin zones in ( 1 10) direction, when the Al-concentration approaches 50at.%. From the 
low energy part of the conductivity spectra effective electron masses were computed. Absorption 
maxima found at 1-5. 2-5, 4 and 5 eV are attributed to interband transitions of electrons. The com- 
positional dependence of the hydrogen solubility suggests that hydrogen dissociates into proton and 
electron, the solubility being primarily controlled by the electron potential. Thus the rapid rise in 
Fermi energy between 46 and 50 at % A1 simultaneously causes the solubility to decrease. 


INTRODUCTION 

The INTERMEDIATE phtise j3-NiAl belongs to 
the electron phases which are formed at 
definite electron concentrationjy, as was first 
pointed out by Hume-Rothery. Assuming that 
aluminum contributes three valence electrons 
to the conduction band and nickel none, a 
valence electron to atom ratio of 1-5 is ob- 
tained which gives rise to the stability of the 
large family of /3-phases that crystallize in the 
primitive cubic CsCI-type structure every 
atom being surrounded by eight un-like next 
neighbor atoms. 

j8-NiAl exhibits a wide range of homo- 
geneity of approximately 40-55 at.% Al at 
room temperature and congruent melting at 
the stoichiometric composilion[l]. It main- 
tains its ordered atomic arrangement probably 
over the entire temperature range of stability 
up to 1638®C, as can be concluded from high 
temperature X-ray measurement [2] and 
thermodynamic investigation of the com- 
pound [3]. 

The different defect structures at deviation 
from the equiatomic composition, vacancies of 
nickel at an excess of aluminum and anli- 
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structure atoms of nickel on the other side of 
the concentration of maximum order, together 
with a remarkable change in colour as a 
function of composition, both phenomena of 
which were first reported in the early work of 
Bradley and Taylor[4] in 1937, may be 
considered as the most interesting features of 
this phase besides its relatively high stability. 

All these factors including the simple 
structure make the /3-phase NiAl a very 
suitable substance for the study of the basic 
nature of intermetallic compounds as well on 
the metallurgical as on the physical and 
chemical side. The purpose of the work 
described in this paper is to provide more 
information on the electronic structure of the 
NiAl compound by measuring several electri- 
cal properties as the d.c. conductivity, the 
high-frequency conductivity, the Hall co- 
efficient and Seebeck coefficient on the very 
same sample in dependence of the composi- 
tion within the homogeneity range, correlating 
the properties among each other and explain- 
ing them by a rigid band model. The energetical 
change in the accommodation of electrons on 
varying the concentration of the component 
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elements reflects in the hydrogen solubility as 
will be shown in a subsequent part of this 
paper. 

PREPARATION OF THE SAMPLES 
Using an induction furnace weighed amounts 
of 99*99% aluminum and 99*9% nickel were 
melted in AljO;, crucibles under an atmos- 
phere of purified argon to avoid vaporization 
and cast into a heated copper mould yielding 
15 mm dia. cylindrical ingots of relatively 
coarse grained polycristalline material. After 
a homogenization annealing for I week at 
1 100°C the samples were allowed a 24 hr cool 
down to room temperature and rectangular 
parallelepiped shaped specimens (55x|2x 
0-7 mm) cut out with a water cooled carborun- 
dum disk preceeding slowly under a constant 
load. Other conventional methods as for 
example rolling, machining or grinding were 
unsuccessful in view of the extreme brittleness 
of the material. Finally the specimens were 
given a metallographic polish. LJttle difficulty 
was experienced in this preparation procedure 
providing samples uniformly free from visible 
porosity except for those ranging from 53 
al.% Al to the Al-side phase boundary, which 
often cracked during the cutting process. 

EI.ECTRK'AL RESISTIVITY 
Measurements of the electrical resistivity 
have been carried out at room temperature 
and the temperature of liquid nitrogen by the 
usual potentiometric method. I he pronounced 
minimum. Fig. I, which occurs in the resis- 
tivity vs. composition curve provides strong 
evidence that the electrical conductivity is 
controlled primarily by the changes in the 
mobility or relaxation time rather than by the 
density of the charge carriers. Such a behav- 
iour reveals a strong metallic character of the 
compound. The lattice potential in an ideal 
crystal is a periodic function of the coordin- 
ates in space, on the other hand the introduc- 
tion of impurity atoms or constitutional 
defects with deviation from stoichiometry 
causes a disruption of periodicity resulting in a 
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compost! 10 n 

scattering of electron waves and increase in 
resistivity which in an ideal solution of inter- 
sitials in a pure metal, for instance nitrogen 
dissolved in nickel, is a linear function of the 
number of defects. Let us discuss this point 
in more detail for /J-Ni Al. 

Assuming as a first attempt point defects 
distributed statistically over the lattice sites 
one can easily show that except for very small 
deviations from the equiatomic composition 
the number of substitutional wrong nickel 
atoms Ni,^i is equal to half the nickel excess 
= The number of vacancies 

of nickel is equal to the deficiency in 
Nickcl-A/V; Vnj == /AN/, Further, AN = 
Nm — Na). I f proportionality between the 
reslisti vity and the concentration of both types 
of defects is assumed, slopes differing by a 
factor of 2 are expected for both branches of 
the curve, the resistivity increasing at a faster 
rate in the Al-rich portion of the homogeneity 
range which is confirmed quite well by the 
experimental values given here and by 
Guzeva[5]. Flowever this explanation in a 
strict sense could hold only if the defects 



ELECTRICAL PROPERTIES OF jS-PHASE NiAl 


1263 


were of the same kind, so that in fact the 
steeper slope on the vacancy defect side can 
be ascribed partially to a greater scattering 
cross section of the vacancies relative to that 
of the antistructure atoms. 

Concerning the arrangement of defects in 
NiAl, West[6J has explained his room temper- 
ature NMR results by assuming that instead 
of randomly distributed vacancies, as was 
originally proposed by Bradley and Taylor[4J, 
highly ordered microdomains of NizAb 
configuration could possibly exist in a NiAl 
matrix. Similarly nickel atoms on aluminum 
sites were thought to assemble in such a way 
as to leave a maximum amount of order in the 
alloy. Diffraction studies by Hughes[7] 
supported this hypothesis and quite recently 
electrical resistivity measurements on NiAl 
conducted by Yamaguchi et disclosed 
the two branches to flatten out after initially 
steep slopes leaving two sharp knees at 49*5 
and 52at.% Ni in the resistivity curve which 
were interpreted by suggesting clustering of 
the defects. Although our values lying in fact 
considerably lower by almost 5 /tllcm around 
52at.% Ni do not confirm these knees the 
possibility of defect interaction at low tem- 
perature and accordingly a contribution to the 
characteristics of the resistivity curve cannot 
be ruled out with certainty. 

In the vicinity of the stoichiometry the 
treatment must be modified to account for a 
finite degree of intrinsic disorder with both 
types of defect coexisting in thermodynamic 
equilibrium, resulting in a residual electrical 
resistance at the equiatomic composition. 
Comparing Guzeva's and our results some 
discrepancy arises in locating the minimum of 
the resistivity curve. He had found out that 
both the electrical conductivity and the lattice 
constant passed through a maximum at 51 al.% 
Al which was assumed to correspond to the 
onset of vacancy formation allowing for some 
aluminum atoms in excess to be accommo- 
dated on nickel sites[4,5,9]. But since the 
resistivity minimum is clearly determined by 
the defect structure and there is no reason for 


it to be shifted away from the concentration of 
maximum order, it is believed that the whole 
problem might be governed by the equilibra- 
tion of the alloys, by the oxidation of powder 
specimens and differences in chemical anal- 
ysis. 

The residual electrical resistance ratio 
p29(r’Kjp7r ^hich reaches a sharp peak al the 
equiatomic composition amounting to 2*8 
indicates by its low value the existence of a 
significant number of intrinsic defects at the 
stoichiometric composition. The difference in 
the electrical resistivities at both temperatures 
plotted versus the composition of the alloys 
gives constant values of approximately 
p2»8«K_p7rK = 1 1 for the nickel excess 

part and 6 /xftem for the Al-rich side of the 
homogeneity range with a gradual transition 
between 47 and 50 at.% Al. 

It is also interesting to note that the com- 
pound /3-CoAI which has the same structure 
and the same types of defect shows a resis- 
tivity vs. composition curve quite similar to 
that of NiAl the values being higher by about 
one order of magnitude[8J. This additional 
feature might be explained by the different 
filling of the c/-band of the transition metal in 
both compounds. While the cZ-band in NiAl 
may be regarded as completely filled even at 
the nickel rich boundary of the phase, slates 
in the c/-band of CoAl are left vacant, involv- 
ing an increased scattering probability of 
elcctrons by inhomogeneities of the crystal 
lattice, because of the possibility of transitions 
not only into .v-levels but also into J-levels. 

ABSOLUTE THERMOELECTRIC IH)WER 

The thermal e.m.f. of jS-NiAl against copper 
and constantan serving simultaneously as 
thermocouples for the registration of the 
temperatures of the hot and cold junction, 
35® and 15®C respectively, were converted 
to the absolute thermoelectric power S and 
plotted in Fig. 2. An addition of aluminum 
to the nickel rich compound causes a positive 
change in 5, which is rather sharp in the 
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I'tii 2 Absolute ihcimoclcctnc powet of j^-NiAl al room 
Icnipcraturc as a function of composition 

neighborhood of the stoichiometric composi- 
tion but nearly vanishes at an excess of 
aluminum. Although the thermoelectric power 
represents an electrical transport property 
and thus is expected to be sensitive to the 
mean free path of the electrons, il is seen 
immediately from the shape of the curve that 
electron scattering by lattice defects is not 
at all or only to a negligible extent determining 
the value of .V. A satisfactory mathematical 
treatment explaining the negative values 
encountered with metals like Na and K with 
spherical Fermi surfaces was derived by Mott 
and Jones[l()|: 


I dt: I 




charge of an electron; , = electrical 
conductivity; E, = Fermi energy; k = 
Boltzmann constant. Modifications and 
proposals to fit the equation for metals and 
alloys with anisotropic Fermi surfaces are 
still in a speculative stage today, particularly 
the interpretation of the positive sign of the 
thermoelectric power which was observed 
for instance with noble metals and several 
primary solid solutions of nickel. 


However some qualitative conclusion 
according to Ziman’sflfJ zone boundary 
contact theory may be obtained from our 
experimental results. The Fermi surface in 
NiAl is probably a rather complicated one and 
makes contact with the second zone boundary 
much earlier than a spherical surface could 
do. It even seems quite possible that the Fermi 
surface expands into higher Brillouin zones 
when the Al-concentralion approaches the 
stoichiometric composition. 

HALL COEFFICIENT 

Recognition that the use of electrical 
resistance measurements alone is merely 
concerned with information on whether or 
not metallic type of conduction is present 
but does not allow to distinguish between a 
conduction mechanism in one band or several 
bands and between a spherical or an aniso- 
tropic Fermi surface overlapping zone 
boundaries stimulated the investigation of a 
galvanomagnetic properly. 

The Hall coefficient vs. composition curve 
illustrated in Fig. 3 is clearly controlled by the 
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Fig. y. Hall coefficient of j3-NiAI as a function of com- 
position 
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conductivity and thus by the scattering of 
electrons from point defects showing again the 
feature of dropping off extremely rapidly when 
an Al-cxccss is contained in the alloys. The 
whole curve is moved along the ordinate axis 
but no shift in the direction of the concentra- 
tion axis is observed if the experiment is 
conducted at a higher temperature. While 
conductivity and Hall coefficient vary in the 
same way regarding scattering from lattice 
defects, it is evident that they are influenced 
just in an opposite sense by the scattering 
from phonons which further indicates an 
essentially different temperature dependence 
of the partial conductivities in the operative 
bands. 

From these considerations it follows that 
the concentration dependence of the Hall 
coefficient alone is not sufficient to detect the 
topology of the Fermi surface or to observe 
interaction between the Fermi surface and 
the zone boundaries when the Fermi surface 
expands due to an increase in electron con- 
centration by the addition of aluminum. Of 
major importance is the change in sign twice 
within the homogeneity range which enables 
us to learn more about the distortion and 
shape of the Fermi surface, since the positive 
contribution to the Hall coefficient is not 
connected with holes in the d-band of the 
transition metal[12], as was already pointed 
out above. 

Under the driving force of a constant mag- 
netic and electric field the electrons move on 
the Fermi surface and in a plane perpendicular 
to the direction of the magnetic field where the 
intersection of both in -space leads to the 
orbit of the electron, which may have electron- 
character if it includes occupied states, or 
hole-character as for example in empty 
corners of otherwise filled zones, yielding a 
negative and positive sign of the Hall coeffi- 
cient respectively. An identical definition 
might be given by considering the curvature 
of the Fermi surface. 

Electron theory of solids shows how dis- 
continuities in electron energy arise at certain 


planes in various directions in /:-space leading 
to the conception of Brillouin zones, the 
construction of which is based on the recipro- 
cal lattice of the solid. In addition the valence 
electrons that occupy the highest energy 
levels form the Fermi surface in ft-space and 
it is the ability of the Fermi surface to interact 
with the zone boundaries, e.g. by distortion, 
contact, overlapping and intersecting several 
zone boundaries, by which some of the 
electronic properties can be interpreted. 
Imagining a sphere in the interior of the 
Brillouin zones of the primitive cubic CsCl 
structure of NiAl, illustrated in Fig. 4, 
expanding due to an increase in the number of 
valence electrons, this sphere first would 
overlap the (100) cube planes of the first 
zone, then expand in (110) direction over the 
cube edge into the second, third and fourth 
zone and at last reach the comers in (111) 
direction. Calculations byJones[13] predicted 
that an inscribed sphere makes contact with 
the cube edge at an electron to atom ratio of 
1-48 in agreement with Hume-Rothery’s 
rule. On the other hand modern topological 

j km) 



Fig, 4. Brillouin zones for the CsCI type structure. 
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investigation of the Fermi surfaces in electron 
phases revealed that contact is often made at 
a lower electron to atom ratio. Vice-versa it 
was proved by Lipson and Taylor [14] study- 
ing ternary /^-phases like Ni-Cu-AI that a 
number of 3 electrons per unit cell does not 
necessarily give rise to phase instability, con- 
siderably higher values up to 3-39 electrons 
per uni! cell having been observed. 

Applying these generally accepted ideas, 
our results substantiate the conclusion that 
the Fermi surface in )3-NiAI is highly ani- 
sotropic. Contact is established already at 
the nickel rich phase boundary associated 
with neck formation in (110) direction, which 
enables hole-like orbits around the cube 
corners to contribute with a positive sign to 
the Hall coefficient. The rather sharp decrease 
towards negative values and the change in 
sign of the Hall coefficient when the aluminum 
concentration exceeds 50 at. % might be 
favored partially by electrons accommodated 
in the higher zones after the Fermi energy has 
passed the gap in energy existing at the 
cube edge in ( 1 10) direction. 


hi(;h-frkqiiency conductivity 
The logical extension of the work described 
above was an investigation of the optical 
properties not only in view of their close 
relation to the band structure, but also because 
the alloys undergo an appreciable change in 
colour with composition: 


40 at. % aluminum 
45 at. % aluminum 
48 at. % aluminum 
50 at. % aluminum 
52 at. % aluminum 
55 at. % aluminum 


yellow 

pink-grey 

blue«grey 

blue 

silvergrey-blue 

silvergrey. 


As the results of optical measurements are 
known to be rather sensitive to contamination, 
oxidation and distortion, the surface-prepara- 
tion was performed with great care by finally 
polishing with alumina and cleaning to a 
mirrorlike surface with alcohol, immediately 
before the specimen was placed in the 


optical apparatus. Very thin oxide layers 
which possibly were left on the alloy surfaces 
were found to be of minor influence on the 
characteristic features of the energy spectra 
of the optical properties, giving rise to small 
changes in the absolute values whereas the 
energy position of the minima and maxima was 
not affected. 

Our discussion will be restricted to the high- 
frequency conductivity a- which was computed 
from experimental results obtained by means 
of a modification of the old Drude method, in 
the spectral energy range extending between 

0-7 < E < 5 eV 

l'6x 10*'* < < l-2x 10'^ 1/sec 

18000 >\> 2500 A, 

Physical significance is given to the high- 
frequency conductivity via its correlation with 
the absorption behavior of the electrons 
being proportional to the absorbed energy 
regardless of the detailed process by which 
this absorption takes place. In order to dis- 
tinguish between absorption mechanisms like 
intraband transitions, interband transitions 
and plasma oscillations of electrons one has 
to compare the spectral functions of various 
optical constants. The low energy part of the 
absorption spectrum, shown in Fig. 5 for a 
NiAl alloy with stoichiometric composition, 
predominantly originates from intraband 
transitions, that is the movement of electrons 
at the Fermi surface, and may be described 
with the simple Drude formula 

_ Ny I/t 

{/Vf = number of conduction electrons; = 
frequency), containing an optical effective 
electron mass and a relaxation time r, 
which both were found independent of the 
energy below 1-3 eV. Some typical values of 
the optical effective mass, listed in the table 
below, are in good agreement with optical 
masses reported by Rechtien et aL[\5], but 
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40 at. % aluminum 2*68 m 
42 at. % aluminum 2-44 m 
46 at. % aluminum 2-85 m 
50 at. % aluminum 3-54 m 
54 at. % aluminum 2*9 m 

(m = mass of the electron). 

somewhat higher than the thermal effective 
mass ratio m%lm = 2*2 computed by Seilchik 
and Waimsley[16] for a 50 at. % alloy on the 
basis of specific electronic heat data. The part 
of the intraband absorption may be approxi- 
mately separated from the other absorption 
processes when an extrapolation is made 
towards higher photon energies. In turn an 
extrapolation to zero frequency yields optical 
d.c. resistivities of much higher value than 
those reported above, no explanation being 
present at the moment. 

Besides the investigation of free electron 
behavior concerned with intraband transitions 
and effective masses the Drude theory may be 
explored to compute plasma frequencies 
at which collective oscillations of the free 



PHOrON ENCRCY (eV) 

Fig- V High frequency conductivity of a stoichiometric 
NiAI alloy as a function of photon energy and extra- 
polation of the low energy part by means of the Drude 
formula. 


electrons take place yielding a slightly con- 
centration dependent plasma energy around 
Ep = l'5 eV throughout the homogeneity 
range. This value of course could not be 
verified experimentally as it lies outside the 
sensitivity range of the available optical 
instruments. Further evidence for the absence 
of collective oscillation absorption maxima 
in the investigated energy region is given by 
the comparison between the spectral functions 
of the real and imaginary part of the dielectric 
constant and the energy loss function. Coin- 
cidence of zero or extreme values, required 
for free electron collective phenomena to be 
present, could not be observed. The maxima 
which were found in the absorption spectra 
are thus ascribed to interband transitions. 
These transitions can occur if the energy of 
the incident photons is equal to the energy 
separation between two levels of different 
bands and unoccupied slates are available 
in the upper band. The high-frequency con- 
ductivity is therefore a very valuable help in 
determining the energy gaps between distinct 
bands, however, the main problem to be 
solved usually is to decide which energy 
levels are involved in the transition. 

Conductivity spectra for four characteristic 
compositions of the /3-phase NiAI have been 
plotted in Fig. 6. It can be seen the existence 
of four absorption maxima at 1*5, 2*5, 4 and 
5 eV. The small peak at 1*5 eV is shifted 
towards higher energies diminishing in 
absorption strength and vanishes before the 
Al-concentration reaches the equiatomic 
composition. Coincidently with the dis- 
appearing of the 1*5 eV absorption peak the 
much stronger 2-5 eV peak emerges. It is 
displaced to lower photon energies with 
increasing electron concentration and reaches 
its highest absorption strength at the concen- 
tration of maximum order. The other two 
maxima at 4 and 5 eV seem to be uneffecled 
by the composition of the alloys regarding 
their energy position, while the strength 
of the 5 eV peak is gradually increasing 
with addition of aluminum. 
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I'lg (y Condiiclivity spedni ot alloys with different 
composition in the homogeneity range of/3-NiAl. 


Information on the particular energy 
levels that take part in the band to band 
transition is gamed from the concentration 
dependence of the conductivity maxima. Jf 
rigid bands are admitted, any change in the 
characteristics of extrema with composition 
can be interpreted by assuming that the 
Fermi surface is involved. I his means that 
eithei electrons from a bound state can he 
lifted to the Fermi energy or that electrons 
are raised from the Fermi level to an uppiu' 
empty energy band. 

Using these general ideas the absorption 
peak at 4 eV may be specified as a transition 
of electrons from the bound stale, for instance 
from the rf-band to higher s- or pdike conduc- 
tion bands above the Fermi surface. In 
contrast to this the concentration dependent 
absorption peaks at 1-5 and 2*5 eV are most 
probably associated with the Fermi surface, 
the 1*5 eV peak for instance with a transition 
from the c/-band to the Fermi surface and the 
2-5 eV peak with an absorption process 
originating from the intersection and overlap 
of the Fermi surface near the (110) zone face. 


Similarly the 5eV peak seems to correspond 
to a Fermi surface transition. A detailed ex- 
planation for the origin of this peak cannot be 
given at the moment, but further investigation 
on the temperature dependence of the optical 
properties is planned to elucidate this point. 

The situation as it may apply to a 50 at. % 
alloy is illustrated in principle in Fig. 7. It 
represents energy bands in (IIO), the pre- 
ferred direction of the transition, and a projec- 
tion on the (001) reciprocal lattice plane, 
which was chosen for the reason that this 
plane is the only one allowing the Fermi sur- 
face to completely surround the first Brillouin 
zone. The shaded area indicating the region 
of occupied states is far from being a sphere 
with electrons accomodated in the upper 
bands and necks being formed at the (1 10) 
zone face, the Fermi surface itself bulging 
out in (100) direction towards the corners 
of the second zone. 

A mechanism which could account for the 
2-5 eV absorption edge is a transition within 
the { 1 1 0) plane between nearly parallel energy 




Fig. 7. Projection of Brillouin zones and Fermi surface on 
the (100) plane in ^space and corresponding energy 
bands. 
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bands which are most likely to occur in all 
polyvalent metals as was discussed in general 
by Harrison[i7]. He predicted the energy 
gap and absorption strength on the basis of 
geometrical considerations of the Fermi sur- 
face and Brillouin zone. Moving in the (110) 
zone face from the ‘cap’ in the upper zone to 
the outer part of the *neck’ in the lower zone 
the energy gap for the transition across the 
plane remains nearly constant, but it will 
grow if we move out of the plane. The absorp- 
tion strength is proportional to the area which 
is left between the projections of neck and 
cap on the (110) plane and thus by the growth 
in neck diameter and rate at which electrons 
are accommodated in the higher zone when the 
valence electron concentration of the alloy 
is increased by the addition of aluminum. 
From this picture we conclude that the origin 
of the rather rapid rise of the conductivity 
maximum at 2*5 eV is a sharp increase in the 
energy of the electrons in the composition 
range between 46 and 50 at. % aluminum, 
which is responsible not only for appreciable 
changes in the physical properties as shown 
above but also Favors the formation of the 
vacancy type defect and by this quite a lot of 
other properties. 

HYDROGEN SOLUBILITY 

A further object of this investigation 
was to provide thermodynamical evidence 
for the rapid rise in electron energy in the 
vicinity of the equiatomic composition in 
jS-NiAl. As thermodynamics is mainly con- 
cerned with energetical changes in systems 
due to variations in composition and tempera- 
ture, the usual treatment in this case con- 
sequently would consist of a determination 
of the energy associated with an isothermal 
transfer of electrons from any standard state 
to the alloy, yielding a chemical potential 
or a chemical activity of the electrons. In 
contrast it is well known that electrons do 
not represent true component elements of a 
system and that their concentration cannot 
be varied independently, so that we have 


to apply some indirect method, for instance, 
an increase in electron concentration by dis- 
solving hydrogen in the compound following 
the equation 

The relative amount of hydrogen absorbed 
as a function of composition gives us the 
chemical potential of hydrogen in the alloy 
which now must be separated into the contri- 
butions from protons and electrons, a treat- 
ment which is not rigorously possible, but 
which has been fruitfully applied to many 
metallic systems, demonstrating that the 
hydrogen solubility can be explained pre- 
dominantly either on the basis of the elec- 
tronic structure or the disposition of the 
hydrogen ion in the lattice. 

For the measurement of the hydrogen 
absorption the electrochemical charging 
method of DevanathanflS] was chosen which 
yields a higher sensitivity than gas volu- 
metric methods, if the hydrogen solubility 
is very small. Hydrogen is electrochemically 
evolved on the cathodic side of a NiAI 
membrane (30 mm dia., 0*8 mm thick), mi- 
grates along a sharp concentration profile 
to the other side of the membrane where 
it is anodically extracted from the alloy. 
Both compartments of the teflon cell, shown 
in Fig. 8, contained as electrolyte pre- 
electrolized 0*1 N NaOH, the potentials at 
the cathodic and anodic side being main- 
tained at —850 mV s.c.e. and OmV s.c.e. 
respectively and the temperature at 80°C. 
The counterelectrodes and reference elec- 
trodes were kept in separate polyethylene 
vessels connected to the cell by polyethylene 
tubing with capillary ends. 

The permeation of hydrogen is measured 
by the anodic current density of oxidation 
of the diffusing hydrogen. A certain time after 
the beginning of the experiment the current 
starts from a very low dead value gradually 
increasing as long as the concentration profile 
of hydrogen is being built up, and reaches 
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hydrogen soluhilily 

a steady-state value, when the profile becomes 
stable. Prom the slope of the transition part 
of the curve one obtaines the diflfusion co- 
efficient of hydrogen whereas the steady- 
state current is evaluated in view of the 
solubility t)f hydrogen at the cathodic side 
surface of the membrane. 

As can be seen from the experimental 
results in Pig. 9 there is no doubt that the 
dissolved hydrogen must be dissociated into 
protons and electrons far apart from each 
other, every hydrogen atom contributing one 
valence electron, which is incorporated in the 
conduction band and raises the Fermi energy. 
Oppositely, imagining that the hydrogen 
were dissolved as neutral atom without 
under-going any type of bond in the alloy, 
this would lead us to discuss the solubility 
from the geometrical point of view and we 
would expect a sharp increase in the solubility 
as soon as we have aluminum in excess, 
since then a relatively high amount of vacant 
sites in the Ni-sublattice would be available 
for the accommodation of hydrogen. These 
arguments however are in contradiction to 
the experimenla) results. 


Following a derivation of Wagner[19] 
the equilibrium condition for the above 
chemical reaction may be formulated as 

where fi is the chemical potential of the 
hydrogen gas, the protons and the electrons. 
For very diluted solutions of the protons in 
the solid phase one is permitted to write 

T RT In "l-/?71ncH^ + Pe' 

being the potential of the protons extra- 
polated to unity concentration and ^hi 
virtual hydrogen fugacity at the cathodic 
metal surface, held constant for all com- 
positions. Rearrangement of the terms yields 
the concentration of the dissolved hydrogen: 

C’M = p//a ' eXp(/JLH, - - pLf'//? T ). 

The significant composition effect on 
may be interpreted as an increase of the 
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Fig 9 Hydrogen solubility in ^-NiAl as a function of 
composition under - 850 mV s.c.e. cathodic potential 
inO'lNNaOH, 
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electron potential with A1 concentration 
/Xp- which is only partially compensated for 
by a decrease of the proton potential /u.h+. 
It may be possible that despite the generally 
accepted idea that the protons are completely 
shielded by the conduction electrons there 
is still some electrostatic interaction with the 
-ions on the Ni-excess side of the 
stoichiometry where the -ion may be 
placed on interstitial sites, which would 
correspond to a relative rise in the chemical 
potential of the protons. This assumption is 
supported by the fact that the high stability 
of the /3-phase NiAl cannot be explained by 
the valence electron structure alone, but 
must be ascribed to a considerable amount of 
electrostatic interaction between the bound 
electrons of the metal ions. 

Lieser and Witte [20] who have measured 
the hydrogen solubility in the Ni-Al system in 
a compositon range extending between pure 
nickel and the /3-phase between 400° and 600°C 
have interpreted the concentration depen- 
dence of the solubility by the change in enthal- 
py of the proton only, which was correlated to 
the polarization of the valence electrons and 
outer bound electrons of nickel. This treatment 
including the neglection of the influence of the 
electrons, that are stripped off from the 
hydrogen atoms seems to be useful as long 
as the Fermi energy lies in the d-band and 
as long as the standard dissolution entropy 
does not vary with composition. These 
conditions have been accomplished on the 
nickel side of the Ni-AI system, but are not 
fullfilled in the homogeneity range of the 
/3-phase. While the standard entropy term was 
found constant throughout the whole com- 
position range up to the /8-phase, A5® = — 18 
cal/grad f-mole H 2 , there has been observed 


a considerable decrease in the vicinity of 
50 at. %, for example A5® = -12 cal/grad 
i mole Hz for a 54 at. % A1 alloy. Although 
the authors estimated some uncertainty in this 
value, it could perhaps be understood by a 
different position of the hydrogen in the 
lattice, on interstitial sites and in vacancies 
of nickel. 
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Magnetic properties of U3P4 and U3AS4 
single crystals 

{Received 1 October 1968; in revisedform 
27 November 1968) 

Studies of the magnetic properties of U.^P 4 [ 1] 
and U;^As 4 [ 2 ] powders have led to the con- 
clusion that these uranium compounds are 
ferromagnetic at low temperatures, and this 
has been supported in the case of U 3 P 4 by a 
neutron diffraction study [3]. However, the 
discrepancy between the paramagnetic and 
ferromagnetic moments in IJ 3 P 4 (2-77 
and per U ion respectively) and the 

low value found for the entropy change 
associated with its magnetic ordering [4] 
suggest that these compounds may not be 
simple ferromagnets. In the present work, 
magnetic measurements were made on single 
crystals of these compounds. The results 
show the existence of an extremely large 
magnetocrystalline anisotropy with the easy 
axis of magnetization along a [ 111 ] direction 
in the cubic unit cell. In addition toroids of 
U;jP 4 ceramic were used for hysteresis studies 
which established the presence of a zero'field 
magnetization. 

To prepare U 3 P 4 , uranium metal was 
powdered by forming UH^ at 300''C and 
decomposing the latter at 500°C in a purified 
hydrogen stream. The metal was then heated 
to 900°C in a stream of yellow phosphorous 
vapor mixed with hydrogen to form U 3 P 4 . 
X-ray diffraction showed the material to be 
U 3 P 4 with a trace amount of UO 2 . 

To prepare U 3 AS 4 , stoichiometric amounts 
of the elements were weighed and placed as 
lumps at opposite ends of a quartz ampoule. 
The uranium only was heated, converted to 
the hydride and decomposed as above. The 
ampoule was evacuated, sealed and heated to 
600°C to allow the arsenic to vaporize and 


react with the uranium powder. The end 
containing the uranium was then further 
heated to 900°C to complete the reaction. 

Single crystals of these compounds were 
prepared by an iodide transport process. 
About two grams of powder were placed at 
one end of a lOOcm*^ quartz ampoule 2*5 cm 
in dia. with care being taken to prevent 
powder from coating the walls of the opposite 
end of the ampoule. The ampoule was 
evacuated to 10 “^ mm pressure, outgassed 
at 400°C, cooled, and filled with iodine 
corresponding to a concentration of 1-2 mg 
per cm^. The sealed ampoule was placed in a 
tube furnace having a temperature difference 
of about 50° between its ends. Transport 
took place from the cooler end containing 
the powder to the hotter end which was kept 
at 1040°C for U 3 P 4 and 940°C for U 3 AS 4 , 
Crystals with dimensions of up to a few 
millimeters were obtained. The arsenide 
crystals were washed in dilute hydrochloric 
acid with no noticeable effect, but the phos- 
phide reacted readily with acid and was best 
cleaned with water or alcohol. 

For the magnetic measurements, crystals 
were oriented after the predominant faces 
([211], [110] and [310]) were identified. A 
vibrating sample magnetometer was used to 
obtain the component of magnetization along 
the applied field as the crystal was rotated to 
allow the field to take on all direction in a 
( 110 ) plane. Polycrystalline samples were also 
measured. 

In Fig. 1 are shown the angular variations 
of the observed specific magnetization (cr^) 
of U 3 P 4 and U 3 AS 4 single crystals in a field 
of 1 5,000 Oe at 73°K. The curves drawn 
through the experimental points consist of 
segments of four circles passing through the 
origin with centers on [ 111 ] directions and 
diameters equal to the observed for these 
1273 
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directions. The close fit except near [100] 
is assumed to indicate that the magnetization 
is strongly constrained to lie in a ( 1 1 IJ direc- 
tion and switches to whichever one of the 
eight such directions is closest to the applied 
field. The observed component of magneti- 
zation should therefore be expected to vary as 
the cosine of the angle between the field and 
the nearest 1 i 1 1 1 direction, such variation in 
polar coordinates being the observed circles. 

I his evidence that the magnetizations in 
U,P, and ll.iAs, do not align with the field 
but rather with the 1 1 1 1 1 direction closest to 
it requires a reinterpretation of observed 
magnetization data on polycrystalline or 
powder samples. Assuming a random orien- 
lation of crystallites, it can be shown that 
the observable magnetization of such materials 
should be V3/2 times that along [1111. As a 
check of this relationship, magnetic measure- 
ments were made on samples consisting of 
many small crystals randomly oriented in the 
magnetometer sample holder. These results 
for U,,P^ and U:jAs, are listed in Table 1. 
The specific magnetizations at 15,000 Oe 
and 73°K for the single crystal samples agree 
well with those calculated from the data 


obtained with polycrystalline samples. The 
specific magnetizations for these poly- 
crystalline samples were extrapolated to 
!/// = () and divided by V3/2 to obtain the 
magnetizations cr., 7 .T for the [111] directions. 
From these, the crystal moments per uranium 
atom were calculated. Also in Table 1 are 
the effective paramagnetic moments and 
paramagnetic Curie temperatures observed 
using the larger polycrystalline samples. 

For the hysteresis studies, ceramic toroids 
were prepared. The phosphide powder was 
ground together with 10 volume per cent of 
paraffin dissolved in toluene and dried. The 
mixture was pressed in a steel die at 5000 kg/ 
cm^ and the resulting toroids were then 
placed on a flat quartz plate in a heavy-walled 
quartz tube. The toroids were heated slowly 
to 400T under vacuum and sealed off after 
the paraffin was evaporated. They were then 
heated at 1180°C for about 110 hr. The 
ceramic density was determined from 
measurements of the weight and dimensions 
of the toroid. The toroids were about 1 cm in 
dia. with a cross section of about 0*025 cm^ 

Each of the two toroids prepared was first 
wound with a 50-turn secondary coil and then 
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Table 1. 



O'j?15.000.73*K 

(e.m.u/g) 

(e.m.u./g) 

Pteno Mpars 

(Bohr magnetons) 

e 

m 

U,P4 






Powder 


23'0(85“)[I] 

II6[1] 

2-77 [1] 

I38[l] 

Polycrystalline 

23-8 

24-3 

1-22 

2-8 

I44±5 

[111] calculated 

275 

28*1 

L4I 



[111] obs. single crystal 

27-7 





IJ,As4 






Powder 



1-42 [4] 

2-81 [4] 

198 [4] 

Polycrystalline 

25-6 

260 

1*57 

28 

205±5 

[111] calculated 

29-6 

30-0 

1-82 



[111] obs. single crystal 

300 






with a 250Turn primary coil for producing 
the magnetic field, H. The primary coil was 
driven with a two-cycle burst of 60 Hz current 
with a peak value of 10 As. The magnetic 
field was indicated by the horizontal deflec- 
tion of an oscilloscope which monitored the 
voltage across a current shunt. This current 
shunt, along with the toroid winding, an RCA 
40429 triac gate, a 15(1 resistor, and the 
120 V ax. power line, constituted the current 
drive circuitry. The voltage induced in the 
toroid secondary was integrated to gave a 
signal proportional to B which was applied 
to the vertical input of the oscilloscope. In 
addition, a voltage proportional to H was 
substracted from the vertical input to com- 


pensate for the H contribution to B and any 
extraneous mutual inductance between 
windings. It was adjusted to give no vertical 
deflection with the sample well above the 
Curie temperature. The hysteresis loops so 
obtained therefore represent a plot of 47tM vs. 
H. 

The two toroids prepared had bulk densities 
of 8*0 and 8‘6g/cm*‘^ as compared with a 
theoretical density of lO-Og/cml The values 
of the coercive field, remanent and satura- 
tion magnetization, and are 

plotted vs. temperature in Fig. 2. The latter 
is somewhat less than the expected value of 
2500 G at 75°K, but most significant is the 
high value of 200 Oe obtained for the coercive 



TEMPERATURE (*K) 

Fig. 2, Saturation and remanent magnetization and coercive field of 
^ 3^4 (p ^ 8*6 glcm^) vs. temperature. 
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field. This is at least partly due to the high 
porosity (14-20 per cent) of the ceramic, 
but could also reflect the high anisotropy 
noticed during the single crystal study. 

In this Th:,P 4 type structure the uranium 
ions have a 4 local symmetry, and it could be 
expected that their crystal field might con- 
strain the individual moments to lie along 
[lOO] directions as observed for DySb and 
some related antimonides. If all the magnetic 
ions were then to remain magnetically equi- 
valent there would exist three magnetic 
sublattices with mutually perpendicular 
moments adding to a resultant magnetization 
along [1111. This is what was observed, and 
it is consistent at least qualitatively with the 
low value found for the saturation magneti- 
zation relative to the paramagnetic value. 
Several such three or six sublattice non- 
collincar ferrimagnelic structures were 
considered, and most were found to agree 
with the published neutron diffraction data 
almost as well as the ferromagnetic model. 
They have many equivalent forms and might 
therefore contribute to the entropy of the 
ordered stale. If so, this could explain the 
observed low entropy ditference between 
the ordered and (he paramagnetic stale. 

Jt appears that the exact nature of the 
magnetic ordering in U,,P| and UnAs^ will 
remain uncertain until a more definitive 
neutron diffraction study is undertaken. 

(inn'iiiU rlvphone and ('. F BUHREk 

L/i*< l,ahoratonc^. 
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Temperature dependence of the elastic 
constants of single crystal lithium*^ 

{Received} October 1968; 
in revised form 28 October 1968) 

The single crystal elastic constants of 
lithium were first measured by Nash and 
Smith[l]. Each of the three elastic constants 
were measured at 195°, 155° and then at 
78°K. The temperature dependence of the 
elastic constants was determined from these 
independent measurements. In a later study, 
the elastic constants of Li and dilute Li-Mg 
alloys were determined at room temperature 
Trivisonno and Smith [2]. 

Since a more precise technique for measur- 
ing the elastic constants and their tempera- 
ture dependence is now available, it was 
decided to directly measure the temperature 
dependence of the elastic constants of Li in 
the region 78°-19()°K, since they are of 
theoretical interest and are not accurately 
known. It was also felt that the more accurate 
low temperature measurements would clear 
up a slight discrepancy between the ultra- 
sonic and isothermal compressionaJ measure- 
ments of the bulk modulus at 78°K. This 
discrepancy, (which is just outside of the 
accuracies of the two experiments), is un- 
expected because of the good agreement 
over the entire temperature range between 
the ultrasonic and isothermal data for all 
the other alkali metals and was initially felt 
to be related to the Martensitic phase trans- 
formation [3], which occurs slightly below 
78°K in lithium. 

The furnace used to grow the single crystals 
was similar to those employed in the previous 
studies, except that heat was supplied by 
means of nichrome wire wrapped around the 
furnace instead of by means of a hot plate. 


♦Work supported in part by Air Force Grant No, 
68-1479. 
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The lithium used to grow the crystals was 
nominal purity lithium obtained from the 
Lithium Corporation of America. The crystals 
were oriented by a Laue transmission tech- 
nique and acoustic specimens were prepared 
with orientations along the [ 110 ] and [ 100 ] 
directions. 

The relative and absolute velocity measure- 
ments were made using an ultrasonic pulse 
echo technique with a Mg buffer rod between 
the acoustic specimen and the transducer. 
This technique is described in a recent 
publication [4]. Measurements were made 
between 90° and 195°K by immersing the 
sample holder in a liquid freon tempera- 
ture bath. The temperature was varied by a 
small resistance heater and measured with a 
thermocouple. Once these measurements 
were completed, the crystals were immersed 
in liquid nitrogen and the values of the 
elastic constants were determined at 78°K. 
Attempts were also made to measure the 
elastic constants below 78°K by pumping 
on the liquid nitrogen. However, the crystals 
underwent a phase transformation just below 
78°K and the elastic constants could not be 
measured in this region. The phase trans- 
formation was easily detected because it was 
accompanied by a loud ping and a sub- 
stantial change in the transit time. The 
phase transformation could also be induced 
at 78°K by straining the crystals and then 
plunging them into the liquid nitrogen bath. 
X-ray diffraction verified that these specimens 
were polycrystalline. For those crystals 
which did not undergo a phase transformation, 
the velocities at 78°K were in excellent agree- 
ment with the values extrapolated from 90°K. 

The method used to determine the elastic 
constants from the measured sound velocities 
in various crystallographic directions is given 
by Neighbours and Smith [5]. The values of 
the elastic constants shown in table I have 
been corrected to take into account the devia- 
tion of the actual direction of propagation 
from the [110] direction. The notation C = C 44 , 
^ and Crt = (C|| + Ci 2 4“ 


2 C 44)/2 has been used. A comparison with 
Nash’s elastic constants and anisotropy at 
78°K shows a difference of about 1-5 per cent 
with the present data. The comparison 
between Trivisonno and Smith’s measured 
room temperature elastic constants and the 
extrapolated elastic constants of this study 
shows agreement within 1 per cent. The 
elastic constants C,, and C 44 were also 
measured on a [ 100 ] crystal and the values 
of C„ are given in Table 1 . The agreement 
between the values of C,, and C 44 as measured 
on the [ 100 ] and those measured or calculated 
from data taken on [ 110 ] crystals is within 
1 per cent. Identical results are expected be- 
cause in the [100] direction, C ^5 = = C 44 , 

The temperature dependence of the elastic 
constants was determined by making an ab- 
solute measurement at 90°K and measuring 
the change in transit time as a function of 
temperature between 90° and 200°K. The 
system used was capable of measuring a 
I nsec change in lOptsec, so that tempera- 
ture dependence measurements could be 
made with high precision. Plots of the 
elastic constants vs. temperature are remark- 
ably linear. The quantity dC/dT was obtained 
from these plots and values of dC/dT for the 
elastic constants C,,» C 44 , and C are 

listed in Table 2 along with those obtained 
by Nash. It is seen that the {dCldT)p are 
quite different for all the elastic constants. 
This is to be expected not only because of the 
increased accuracy in transit time measure- 
ments, but also because the previous deter- 
mination of the temperature dependence was 
inferred from independent measurements at 
three different temperatures. 

The adiabatic bulk modulus, was com- 
puted from the three directly measured elastic 
constants and the results are shown in Table 
3. Nash’s data and the value of Bi given by 
Swenson [ 6 ] are also included in this table. 
The isothermal bulk modulus, was 
computed from and the values in Table 3 
clearly show that the present ultrasonic 
data and the isothermal compressional data 
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Table I. Values of the adiabatic elastic constants, the elastic anisotropy and the density of 
lithium. The elastic constants are in units of lO^^^dyn. cm~'\ and the density is in units of 


Temp. 

(deg) 

c. 


r r„ 

Cu 

A C,-, 

P 

78 

24-22 

10 94 

1-108 14-44 

12-11 

9-87 14-23 

0-5454 

110 

23-78 

10 63 

1-098 14-29 

12 03 

9-68 14-09 

0-5443 

150 

23-24 

10 26 

1-086 14- 10 

11 87 

9-44 13-91 

0-5423 

190 

22-68 

9 89 

1-074 13-92 

11-72 

9-21 13-72 

0-5401 

2981 

21-23 

8 89 

I 042 13-42 

11-30 

8 53 13-23 

0-5326 

* Directly measured on [100) crystals. 




tExirapolated 






Tabic 2 

. Values 

ofIdCldT),. 

in units of dyn. cm 

^ deg f These values were determined for 



th 

\e temperature interval 90° to \95°K 



,/d/ 

dC’VdL 

d( n/dr 

dr„/d7 

dBJdT 

Reference 

10 2 

6 < 10' 

0 6- 10" 

11-8^10^ 

-21 45 8 10' 

-11 I X 10' 

Nash 

9 U - UP 

-*(l 3 ^ 10' 

-4-70> 10' 

-)3 6X 10' 

-3 07x10' 

Present 







work 


are in good agrecmenl over the entire tempera* 
ture interval. Since the elastic constants are 
known to 1 per cent in the present experi- 
ment, compared to the 3-!^ per cent listed by 
Nash, the bulk modulus, which is essentially 
determined by the difference between Cj, and 
r,,* is now known more accurately. The dis- 
crepancy between Nash’s data and the com- 
pressional data at 78"K is therefore not 


Tabic 3. Valuer oj the adiabatic and iso- 
thermal bulk moduli of lithium in units of 
I0“* Jvw. rw 


IVmp 

(deg) 



n, 

(Swenson) 

(Nash) 

78 

12-9 

12-8 

12 3 

13-3 

1(K) 

12 8 

12-7 

12 2 


150 

12-6 

12-4 

12-1 

12-5 

21H) 

12-4 

12-2 

II -9 

12-0 

298 

12-0 

11-6 

11-2 



associated with a Martensitic phase trans- 
formation but with the difficulty in accurately 
determining the bulk modulus. 
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J.Fhys Chem.Solids Vol. 30, pp. 1279-1281. 

Some ESR studies off centers in 
highly pure and doped KCI crystals 

{Received October 1968) 

The increased F center growth in alkali 
halide crystals containing Ca impurity 
[1-4] and the absence of this increase in 
crystals doped with Cd[5] or Pb[6] impurity 
has not been explained satisfactorily. A sug- 
gestion has been made that on A'-irradiation 
the apparent increase in the growth rate may 
be due to centers formed by Ca which may 
give rise to optical absorption under the F 
bandl3]. We have measured the ratio of the 
electron spin resonance absorption (ESR) 
and the optical absorption in the pure and Ca 
doped irradiated crystals in order to find 
out whether of not the ‘Ca induced’ centers 
are F centers. 

The narrowing of the F center ESR 
absorption line on optically bleaching the 
colored crystal is well-known [7]. We have 
Investigated the shape of F center ESR line 
on thermally bleaching the additively colored 
crystals of KCI in dark. 

Highly pure H crystals of KCI with back- 
ground divalent cation impurity concentration 
C, - I ppm, ‘pure* B crystals C, -- 10 ppm 
and doped D crystals containing 1 per cent by 
weight CaCl^ in the melt were prepared as 
described earlier[3,4, 8). The methods of 
quenching or slowly cooling the crystals, X- 
irradiation, additive coloration, and optical 
and ESR absorption measurements have also 
been described earlier [4, 8, 9]. Care was 
taken to keep the colored crystals in dark 
and the crystals were handled in weak red 
torch light for cleaving, mounting, etc. The 
exposure of the crystals to light in the F band 
during optical absorption measurements was 
kept as low as possible. 

The optical absorption at the f peak in a D 
crystal, whether additively colored or irradi- 
atively colored, was found to be much larger 


than in H OT B crystal colored under identical 
conditions, as found by other authors [1-3]. 
ESR absorption spectra of the colored //, B 
and D crystals in dark were measured and 
carefully analysed. In all cases a gaussian 
ESR line of half-width 46 G with g- 1*9957 
±0*0005, characteristic of the F centers in 
KCI, was observed. The height of the ESR 
line is plotted as a function of the absorption 
coefficient a (cm‘*) at the F peak in Fig. 1 
for both the B and the D crystals for a typical 
experiment with A"-irradiated B and D crystals. 
It is seen from the figure that the height of the 
observed ESR line is proportional to the value 
of a at the F peak in both B and D crystals. 
These results suggest that the increase in the 
optical absorption at the F peak in the Ca 
doped crystal is due to the increase in the F 
center concentration and not due to the pres- 
ence of Zi or other 'Ca induced’ centers giving 
optical absorption near the F peak as suggest- 
ed by Jain and Parashar[3]. The D crystals 
bleached with visible light lying in the F band 
showed a complex ESR line of half-width 
(peak to peak) 55 G presumably due to the 
formation of Zj centers [10]. 

To study the influence of thermal bleaching 
on F center ESR absorption, an additively 
colored H crystal quenched from the coloring 
temperature 560T was annealed in dark at 
300T for different times and its optical and 
ESR absorption were studied. The optical 
absorption measurements showed that the 
colored and quenched crystals had mainly F 
band and a small M band [9]. The ESR absorp- 
tion results, on annealing the crystal for 
different times at 300®C, in dark, shown in 
Fig. 2, reveal some new features. Curve 1 
shows the characteristic F center ESR line 
[7,9] of half-width 46 G with 1*9957 
observed in a quenched crystal Curves 2-6 
are the observed ESR spectra of the crystal 
after annealing for 5, 15, 30, 60 and 90 min, 
respectively at 300°C in dark. The curves 
show that for initial annealing period up to 
15 min, the half-width of the ESR line 
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absorption coefficient at the f peak 

\ ! Ploi (>l the hcighi of I he ESR signal as a function of I he absorption 

LocOicicnl 111 (he F bank peak in A'-irradialively colored pure (• • •) and 
calcium doped K('l crystals at room temperature in dark. 


6 



Fig 2 First denvative trace of the ESR spectrum, taken from the recorder 
char! at room temperature, for additively colored KCI crystal in dark. 
Curve 1 for the quenched crystal from the colonng temperature. Curves 
2-b were obtained after heating the same crystal at 300®C for 5, 15, 30, 60 
and 90 min respectively, and then quenching to room temperature. 
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decreases from 46 lo 40G, but the g value 
remains unchanged. On annealing for times 
> 15 min the ESR spectra is found to be 
a superimposition of two lines, a sharp line 
superimposed over the F center ESR line. The 
sharp ESR absorption line is Lorentzian in 
shape, has a g value of 1-9997 and half- width 
2-5 G and is associated with the colloidal 
particles of potassium metal giving an 
optical absorption band at 730 nm as discussed 
earlier [91. 

The narrowing of the F center ESR line on 
annealing the colored crystal at 300°C in dark 
for short times « 1 5 min observed by us is 
similar to the narrowing of the F center ESR 
line on optically bleaching the crystal at room 
temperature [7, 9]. It has been suggested that 
the observed narrowing of the F center ESR 
line in optically bleached crystals is due to the 
formation of loose clusters of F centers [7] 
(with 4-5 interionic distances between the 
F centers). The narrowing in case of thermal 
bleaching observed by us is small (from 
46-40 G ) as compared to the narrowing 
observed in the case of optical bleaching 
(from 46 to 3 3 G). It is likely that, in dark, only 
a small number of clusters of the F centers is 
formed at 30(TC, and these clusters rapidly 
change into potassium colloidal particles. 

National Physical f.ahoraiory, S. C, JAIN* 
NcwDclHi-\2, V. K. JAINt 

India G. D. SOOTHA 
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Zeeman effect of bound excitons in CuCl 


(Received 7 October 1 968) 

Zeeman effect of the 1^2(25,654 cm"M line[l] 
and the satellites lines 1 ^ 2 * (25,665 cm“*) P 2 ^ 
(25,670 cm’^) have been studied at tempera- 
tures between 20''K and 1-9°K, These lines are 
observed on the low energy side of the n = 1 
exciton line, both in absorption and in emis- 
sion. The experiments were carried out in 
absorption [2] with thick crystals (100/n) 
purified by zone melting and in emission with 
thin film (l/x thick). The samples are im- 
mersed in the refrigerating liquid. High pulsed 
magnetic fields up to 1 80 kG are used 
(condensators battery: 2000 /iF, 3000 V) 
synchronized with a flash (10”'^ sec), triggered 
at maximum field. Luminescence is excited 
with the same flash associated with UG 1 1 
Schott filter. The spectra are recorded photo- 
graphically with a Bauch and Lomb grating 
spectrograph of high dispersion (4 A/mm). 
The main line splits into four well definite 
components (Fig. 1). In a magnetic field of 
120 kG splitting and polarisation are as 
follows: (1) (25,646 cm“‘) tt; (2) (25,652 cm“*) 
(t; (3) (25,657 cm-')(7; (4) (25,663 cm-')7r. 
This splitting is the same in absorption and in 
emission and varies linearly with the magnetic 
field. In absorption, thermalization effects 
occur in the ground state so that only two 
components are seen at l ^'^K and four at 
20°K. This effect permits lo identify the g 
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•n#rgy (cm'') 

I ! /fcniaii effect of the cmtssiun (me i>j i)f ti Ihin 
leeiysuillised layer. I /a thick 

faclor ol I he c veiled slate ( ~ 2-05) and the 
factor of Ihe ground stale 11). These 
results compared with theoretical calculation 
of (he g value from the known band structure 
of (. u('l, enable us to attribute the line to an 
excilon bound to neutral acceptor. The other 
line behaves similarly in magnetic held 
while i'u ‘ shows no splitting. 

iMhonUtnrv lie Sifi'clroMOpie M. ( f kTlKR 

vt (i'Opitque du Corps Sohdv, ( WKC KKR 

.CssonrouC /V/e.S., S NlklTINH 

histiiui de Physique, 

Universue de Sirushourfi, 

Crunve 
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High pressure transformations of transition 
metal difluorides* 

(Received 25 July 1968; 
in revised form A October 1 968) 

INTRODUCTION 

The difluorides of the first-row transition 
metals have the tetragonal rutile structure 
with 6, 3 coordination, or monoclinic distor- 
tions of it in the case of CUF 2 and CrF 2 . 
The radius ratios of the cation to anion, 0-50- 
0-60, are below the critical ratio of 0*73 for 
the 8. 4 coordination of the fluorite structure, 
according to empirical rules for hard sphere 
models [Ij. However, the recent theoretical 
calculations of Lombardi and Jansen [2] 
involving three ion interactions, give a radius 
ratio of 0*636 for separation of the stability 
region for the fluorite versus rutile structures. 
The transformation from rutile to fluorite 
structures may be produced under high pres- 
sure. Other experimentsP, 4j on ZnF 2 and 
MnF. revealed the phase transformations 
under high pressure, from 2(1 to 140 kbars, to 
orthorhombic structures with basically the 
6, 3 coordination and no transformation to the 
fluorite structure. 

We have investigated the stability under 
high pressure of the transilion-mctal difluo- 
rides, CTF., MnFo, FcF,, CoF„ NiF. and 
CuF^. This was part of a study on reactions 
of the transition-metal fluorides. 

EXPERIMENTAL 

The experimental work was done in a 
girdle high-pressure apparatus described by 
Young et al.[5]. I'he transition-metal difluo- 
rides were all commercially available. The 

^Supported by the U S. Army Research Office, Durham. 
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Table 1 . X-ray powder diffraction data for NiF 2 (II) 


hKi 

dubs in A d 

uaic in 

A / ubj. 

^caJc, 

I 10 

3-30 

3-298 

210 

250 

01 1 

2-57 

2-579 

50 

61 

101 

2-53 

2-545 

100 

82 

020 

2-41 

2-388 

20 

15 

200 

1 2-24 

j2-281' 

1 

8 

111. 

12-245. 

1 50 

42 

120 

2-12 

2 115 

30 

11 

2 10 

2-06 

2-058 

< 5 

3 

121 

1-75 

1-741 

100 

70 

211 

1-70 

1-709 

125 

81 

220 

L65 

1-649 

50 

46 

002 

1-53 

1-532 

30 

23 

130 

1-51 

1-503 

20 

15 

3 10 

1-45 

1-449 

20 

13 

22 1 

143 

1-452 

10 

6 

03 1 

1-42 

1-413 

30 

33 

1 12 

1-39 

1-390 

30 

33 

301 

1 3 1 

1 1-36 1 

j 1-362 ■ 
[1 349. 

1 

23 
< 1 

3 1 1 

1 1-307 ! 

1-310 

1 

2 

2 3 0^ 

1 1 

[1-305. 


< 1 

02 21 

1-291 1 

1 

f 1-2901 

1 

6 

32oJ 

11-282J 

1 

202 

l‘270 

1-272 

5 

4 

122 1 

1-242 1 

[ 1-241' 

1 10 

3 

212 J 

[1-229 

< 1 

23 1] 

1-204 1 

(1-2011 

1 

9 

040l 

[1-194J 

5 

321 

M83 

1-183 

20 

16 

140 

1-166 

1-155 

< 5 

2 

400 

1-138 

1-138 

15 

9 

222 

1-123 

1-123 

50 

38 

4 101 

1-103 1 

[1-1091 

1 

1 

18 

3 301 

[1-lOOj 

14 1 

1-086 

1-081 

15 

26 

132 

1-075 

1-073 

15 

21 

240 

1 063 

1-058 

15 

14 

3 1 2 

1-052 

1-053 

30 

20 

4 1 1 

1-042 

1-043 

30 

21 

33 11 

1 

(1-034) 

15 

< 1 

42oJ 

1-029 1 

[1 029) 

9 

24 1 

1-008 

1 000 

< 5 

1 

0131 


f 0-999) 


13 

103 

0-996 

0-997 

30 

17 

232] 


[0-994] 


1 

1 13 

0-975 

0-976 

10 

6 
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maierials were contained in short carbon, 
nickel, or platium tubes, about 2 mm in dia. 
by 2-5 mm height, with chromel-alumel 
thermocouples on both ends. The samples 
were heated indirectly by four carbon-rod 
electrical heaters, 1 cm long surrounding 
them in the laviie media. Runs were made at 
pressures from 20 to 90 kilobars at tempera- 
tures up to 900°C. Samples were quenched 
aflcr two hours at the maximum temperature. 
After quenching and release of pressure the 
samples were examined by X-ray diffraction 
57*3 mm dia. cameras with FeKa, CuKa or 
CrKa radiation. 

RESULTS 

The experiments on stability of the transi- 
tion-metal difluorides revealed phase trans- 
formations of NiLo, CoFj and MnF., under 
pressure, from the tetragonal rutile structure 
to orthorhombic phases, but not in the case 
of FeF;;. CuF;, and C'rF'^, with monoclinic 
structure, did not exhibit a phase transforma- 
tion up to 9(KTC' at 90 kbars, although the 
C'uF.j melts at a lower temperature. Fhe 
pressiirc-teinperaUire dependence of the phase 
transformation of NiF, was investigated. The 
transformalion temperaliire decieased from 
about bOOT^ at 20 kbars (o 37ST at 90 kbars. 
Transformation for other difluorides was 
Jelermincd for samples quenched from 900'^C 
at 90 kbars, 

I he high-pressure phases of Nif% and C'oF.. 
had orthorhombic structures with axial ratio 
hla of 102. Table 1 lists the powder diffrac- 
tion data for NiF,. The observed intensities 
were estimated wath reference to the powder 
pattern of the normal rutile form of NiF.,. 
The calculation of intensities and parameters 


was one using the Argonne MET- 1 53 
modified least-squares program of Busing, 
et al.[6]. Table 2 list unit-cell dimensions for 
NiFg and CoF^. The volume change from the 
phases is less than the error of 0-5 per cent 
in calculation of the unit-cell dimensions. 
The extinctions indicated space group Pnnm 
or Pnn2. The cell distortions from the rutile 
tetragonal structure were mainly in the a 
axis to the orthorhombic a and b axis and 
negligible along the c axis. Thus the ortho- 
rhombic distortion depended on the change 
in the fluorine position jc,y parameters from 
the Jt,jc parameter of the rutile structure. The 
powder X-ray diffraction intensities were not 
sufficient to resolve choice of space groups. 
Calculations for the more symmetrical Pnnm 
with Ni or Co in (2^) 000; and F in (4^^) 
.v,y,o; indicate that the parameters for the 
F ions are .r - 0‘282± 0*007. y=-0*315± 
0 007 with an R factor of 0*33 for |Fp. These 
give interatomic M-F distances, 4 at 2-03 ± 
0 04 A and 2 at I -98 ±0-04 A as compared 
to 2*01±0'01A and 1’98±0-01 A for the 
rutile phase 17). The space group Pnn2 would 
introduce additional z parameters for both 
Ni and F ions which could shift the jir,y 
parameters of the F ion. 'I'he resolution of 
this structure would require at least data from 
a single crystal which were not obtainable. 

Reactions of the fluorides with oxide 
materials led to the discovery of nickel 
oxyfluoridc and cobalt oxyfluoride. The nickel 
oxyfluoride was made by reaction of NiO + 
NiFj in nickel capsules at800°C and 50 kbars. 
It is a solid solution, NiO,vF 2 . 2 .v for 0 < ;c < 
0*37, an increase in unit-cell distortion 
according to the b/n-axial ratio from F02 
to 1*09. There is also an increase in refractive 


Table 2. Unit veil dimensions of hi^h pressure phase of 
NiFg and CoF. 


( A ) ao ho CO V 

NiF^ 4S6±001 4-77±00I 30(>5±0 005 66*6±0-3^ 

CoF, 4 64±0'02 4*80±0'02 3 t6±0'0l 70-3±0‘4^ 
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index with mean value from 1-600 for x = 0 
to 1*654 for ;c = 0*33. The structure of the 
solid solution may be either anion defect or 
nickel excess. Since densities could not be 
obtained, this question is not resolved. The 
CoOj^bVij. solid solution has similar composi- 
tion range with the same orthorhombic 
structure. In contrast no solid solution in the 
fluorides was found for FeO-FeF^ and MnO- 
MnFa system. 

Batclie Menioria! Institute, A. E. AUSTIN 

Columbus Laboratories, 

505 King /Avenue, 

Columbus, 

Ohio 43201, 
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A variational method for anisotropic effective 
mass theory 

{Received 25 September 1968) 

It is well known that for the case of aniso- 
tropic effective masses it is difficult to solve 
the Schrodinger quations for a Coulomb 
potential even for the case where two of the 
masses are the same. Use is made usually of a 
variational principle (e.g. Roberts! 1]; see also 
references there to earlier work). We wish to 


draw attention to a different variational 
principle which applies to arbitrary potentials 
and can be formulated for the case of three 
different anisotropic masses. 

As is well known, (Morse and Feschbach 
[3]) for a bound state the Schrodinger equation 
for wave vector |4} 

(H,i-Hdm=E\^) ( 1 ) 

is exactly equivalent to the integral equation 

= ( 2 ) 

In equations (1) and (2) //o is the kinetic 
energy operator, Hi the potential operator, and 
Gy the Green’s operator defined by 

(3) 

For a Coulomb potential and scalar mass (2) 
can be solved directly [I ]. 

The functional 

A - H-HiG,Hi (4) 

is stationary for solutions |4) satisfying (2) and 
therefore (1). By expanding |4) in a complete 
set |n) 

= (5) 

n 

and defining matrix elements 

= (nlA|n'). (6) 

The stationary condition gives 

^=Xa„’A„„. = 0, n = 0,1.2.... (7) 

The set of homogeneous equations (2) have a 
solution provided their determinant vanishes; 
the energies for which this occurs are the 
eigenvalues of (1). For the anisotropic mass 
problem we take units such that 
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k ^ k ^ 

2m, 2^2 


iil 

2/^3 ' 


(7|,(r,r'.£') is now given by 


( 8 ) 


ajry.l') 



e"”' (Ik 

(Ztt)-' 

Inii Invi 

(9) 


By making the transformations kj. = 

where etc., 

the integrations in (9) can be carried out to 
give for negative energies 

C’(q.q',fc) --2^(/j,/J.,i3;,)exp-li'''-|q-q,|l 

^77 

(lOj 


where q is a vector with components 
v/y-, For isotropic effective masses 

equation (10) of course reduces to the usual 
result for the free particle Green’s function. 
Rquation (10) can now be substituted into (6) 
and, provided that can be evaluated 
numerically or analytically, the equation 
det| ^ 0 gives a condition from which the 
eigenvalues can be determined. 
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INTRODUCTION 

Photocapacitive effects observed in ZnS 
phosphors [1~4] have long been a subject 
of controversy, It was originally thought that 
the dielectric constant can increase on 
illumination because of the additional polariza- 
bility of electrons in traps[l]. Later[2,3] 
the idea was discarded, in the belief that the 
densities and polarizabilities could never be 
high enough to account for the observed 
capacitance increase and that electrons in 
traps could not produce the Debye type relaxa- 
tion actually observed[51. 

More recently, Frdhlich and co-workers 
16,7] have developed a theory of interacting 
polarons which predicts a much higher 
polarizability for electrons localized in traps 
than had been expected hitherto, and Dominik 
and MacCronc[8] have since obtained 
experimental results on reduced rutile which 
are in agreement with Frohlich's predictions. 
Moreover, recent measurements by Broser 
and Reuber[91 on single crystal ZnS have 
likewise suggested that a genuine photo- 
dielectric effect can be observed at liquid 
nitrogen temperature. These authors made 
repeated measurements on specimens irra- 
diated at 78°K and temporarily raised to 
higher temperature to induce electron leakage 
from traps. After each high-temperature 
excursion, the capacitance diminished, and 
this was interpreted as arising from the 
successive diminution in the number of 
trapped electrons. On the other hand, the 
use of a Schering Bridge on small specimens 
did not permit any high degree of accuracy, 
l ime relationships and direct comparisons of 
trap population and pholocapacitance were 
not explored. In view of this, it was decided 
to subject the conclusion to further tests. 


J rhy\X hem, Solids Vol. 30, pp. 12K6-1289 

Photocapacitive effects in ZnS 

{Received 2i) A ui*ust 1 968, 
in revised form \9 September 1968) 


MEASUREMENTS 

A vapor grown ZnS:Cu hexagonal single 
crystal (blue light emission) was provided by 
Professor F. B. Williams, University of 
Delaware. It had a thickness of 0-36 mm and 
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Table 1 . Typical capacitance dispersion o/ZnS : Cu 
single crystal 


ia) Under darkness, no previous irradiation, at 8(f K 

Freq. Capacitance Dissipation factor 

(KHz) (pF) 


1 


M2 


0-0002 


2 


M2 


0-0001 


4 


M2 


0-0001 


8 


M2 


0-0001 


10 


Ml 


O-OOOl 


20 


Ml 


0-000 1 


50 


1 11 


0-0001 


100 


Ml 


0-0001 


ih) Under dark nesj 

, with previous u.v. irradiation, at 80®K 




1 KHz 

10 KHz 


Time 

Cap. 

Diss. 

Cap 

Diss. 


(hr min) 

(pF) 

factor 

(pF) 

factor 

0 [under irradiation] 



8-7 


5 


1-60 

0-523 

I-I3 

0-0084 

17 


1-25 

0-248 

M2‘ 

0-0037 

43 


1-20 

0-189 

1-lF 

0-0025 

1 .00 


M6 

0-140 

ME 

0-0021 

1 15 


1-15 

0-109 

Ml' 

0-0023 

1-30 


115' 

0-102 

Mi® 

0-0072 

1 45 


114« 

0101* 

I'll" 

O-OOH 

2-00 


114^ 

0093=^ 

Ml® 

0-0015 

2.23 


I'M" 

0-078^ 

MF 

0-0010 


was transparent. Evaporated gold contacts 
were applied to two sides. The dark capaci- 
tance was 1-5 pF at room temperature (25°C) 
and about M pF at SO'^K. Its almost non- 
dispersive behavior is shown in Table 1(a). 
The measurements were made with a GR 
16I5-A transformer ratio bridge which reads 
capacitance to 10“^ pF and dissipation factors 
to 0 000001 at 1 KHz. The available precision 
was thus much higher than in the experiments 
referred to above. The specimen was illu- 
minated at 80°K, leading to a capacitance 
increase to 8-7 pF. On cessation of the light, 
this value decayed as shown in Table 1(b). 
After 2 hr, the capacitance at 10 KHz re- 
gained its prc-illuminfition value. Such 
measurements were made between 100 Hz 
and 100 KHz, with very little dispersion over 
the whole range, except initially as shown by 
the data for I and 10 KHz. The presence of 


faint fluorescence can account for this, in 
view of the fact that ZnS;Cu is pholocon- 
ductive. 


DISCUSSION AND CONCLUSIONS 

In order to estimate the fraction of traps 
which releases electrons during the photo- 
capacitive delay, measurements of thermo- 
luminescence were initiated after varying 
periods of storage at 80°K. They showed 
(Fig. 1) that after 2 hr (within which the 
capacitance returned to its pre-illumination 
value) the overwhelming proportion of 
electrons were still in traps and could be 
released by heating in the usual way. The 
results were almost independent of heating 
rale. 

Two other possibilities follow: (a) The 
observed photocapacitive effects are after 
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hiK 1 (ilow curves of /nS Lu before und after decay of photocapacitancc 


all due to photoconduction. 1 he results 
obtained by Broser and Reuber would then 
have to be ascribed to their lower sensitivity, 
their fnilurc to take account of decay relation- 
ships, and to possible contact problems, 
(b) The excited electrons become disturbed 
over two types of traps- a majority over deep 
traps of low polarizability and a few of 
shallower traps ( 2 hr decay time) of much 

higher polari/ability. This would be pheno- 
menologically in harmony with the observa- 
tions, and thennoluminescent glow curves 
do. indeed, yield evidence of a second, 
shallower trap level at about 0*20 eV. On 
the other hand, the shallow traps contain 
only a minute fraction of the total number of 
excited electrons, and there is at present no 
independent evidence that this dielectric 
behavior is radically different from that of 
normal traps. For the time being, at any rate, 
interpretation (a) is therefore more appro- 
priate. 

It has been suggested by Kallmann and 
Mark[10J that applied d.c. fields may diminish 
the trapped electron population, because of 
the reduced probability of retrapping, once 
electrons are thermally released from traps. 


A corresponding decrease of photocapaci- 
lance with field was observed. The present 
measurements on ZnS:Cu confirmed that 
the photocapacilance with field was observed. 
The present measurements on ZnS:Cu 
confirmed that the photocapacitance was 
indeed decreases when field less than 1(F 
V/cm were applied. However, when the field 
was further increased, the photocapacitance 
increased likewise. The Interpretation is 
thus in doubt. With field ionization of traps 
in ZnS ruled out| I l],lhc field effects on photo- 
capacitance are more likely to be due to space 
charge processes near the electrodes, as 
suggested by Bube[I2]. 
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Photoluminescence in lightly doped epitaxial 
GaAs : Cd and GaAs : Si 

[Received \1 September 1 968) 


In I his note it is shown that the dominant 
radiative recombination observed in high 
quality epitaxial p-type cadmium doped 
GaAs is in quantitative agreement with the 
predictions of the simple theory [1,2] for 
conduction band-acceptor recombination. 
Both the spectral shape and position of the 
peak of the strong emission near l•49eV are 
investigated as a function of temperature 
between 2° and 80‘'K and found to be in ex- 
cellent agreement with elementary theory. 
In addition, it is shown that the behavior of 
one component from a group of three lines 
near 1 -49 eV observed in silicon doped n-type 
GaAs is also quantitatively consistent with the 
band-acceptor mechanism. This is in sharp 
contrast to the situation in bulk grown GaAs 
where it has recently been demonstrated that 
the dominant radiative emission near 1 *49 eV 


is ascribed to donor-acceptor recombination 
[3]. The occurrence of different recombination 
mechanisms in bulk and epitaxial GaAs is not 
surprising in view of the greatly improved 
quality and purity of the epitaxial material. 

Improved epitaxial growing techniques are 
now providing undoped samples of «-type 
GaAs with high mobilities, 50,000-100,000 
cm^ V“' sec“’, and decreased residual im- 
purity content, 10‘‘*-I0’^ donors (and accep- 
tors) per cc. In these high purity samples it is 
possible to unambiguously identify spectral 
lines associated with ‘added’ impurities. 
Recombination radiation arising from the 
residual foreign impurities is present only 
weakly if at all. Epitaxial GaAs samples 
lightly doped with shallow acceptors Cd and 
Si are investigated. The GaAsiCd samples 
arc p'type, doped to a cadmium concentration 
of about 4x 10^®/cc, well below the concen- 
tration where significant interaction between 
acceptors occurs. Some concentration broad- 
ening was observed for Cd concentrations in 
excess of 1 0^ Vcc. Both n- and p-lype GaAs : Si 
samples have been studied The data presented 
here is from a p-type sample containing 
10‘Vcc silicon. 

The line shape for conduction band to 
acceptor recombination has been predicted 
from both detailed balance arguments [4] and 
by direct calculation [1,2], Taking the latter 
view, it is possible to calculate directly the 
absorption coefficient a{ha}) in cm“‘ and the 
radiative recombination rate Riho)) d(fiw). 
Making the appropriate and well-known 
assumptions [5] about the equality of momen- 
tum matrix elements involved in absorption 
and emission, it is straightforward to relate 
(x{h(t)) and 

R{ho)) = G{h(s)) V (1) 

where Ken = energy velocity of optical radia- 
tion field. In a dielectric, the energy velocity 
is equal to the group velocity. 
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d[a)n{o))]y^ 
c’dio / 

and 

r ^ _ density of modes 

^ ^ 7 T^fr^c^V(, of radiation field. 

Here n^^(n[^) is the number of filled (empty) 
states at the higher energy €„ and ) is the 
number of filled (empty) states at the lower 
energy e,. 

The form of equation (I) can be simplified 
by introducing the Fermi distribution func- 
tions. Lasher and Stern [6] have shown that 
the ratio n„nll(nfn[~ nftnl) can always be 
reduced to {exp[(}?w“ AF)/A^7]- 1) ’ for 
transitions involving band states or elfeclive 
mass impurity slates. Here AF = is 

the difference in the quasi-Fermi levels for 
electrons and holes. Hence within the approx- 
imation that the carrier distributions are 
adequately described by quasi-Fermi levels 
(i.e. the rale of thcrmalization of the carriers 
IS much more rapid than the recombination 
rale), the spontaneous radiative recombination 
rate is given by a slightly generalized van 
Roosbroeck-S hock Icy relation, 

R “ 

iiifno) L,,^ a{h(D)l{c\p\{fi(i) — 1F)IKT\ — 1 ). 

( 2 ) 

In examining experimental results, attention 
is usually focused on the spectral dependence 
of the emission with the absolute magnitude 
given only secondary interest. Accordingly we 
drop the constants of proportionality and 
further consider the region of the fioilKT > 1 ; 
then, 

R^i\h(x}) 2c a{fi{i))(h(xif t\p(—hu)lKT). (3) 

The spectral dependence is thus contained 
primarily in the absorption coefficient a{ha}) 
and the exponential exp(-fto>//C7). The energy 
dependence of aiho)) is rather different for 


donor-band and acceptor-band transitions in 
GaAs and assumes a particularly simple form 
in the second instance. Because of the large 
difference in the conduction and valence band 
masses 10), the donors are much 

more diffuse than the acceptors. The Fourier 
expansion of the relatively more compact 
acceptors requires an appreciable portion 
of ^-space, leading to a density of states 
which is nearly independent of kfork < \la*. 
Since the absorption coefficient depends on 
energy essentially through the product of the 
band density of stales with the impurity 
induced density of states (i.e. the Fourier 
coefficients), the energy dependence for ab- 
sorption involving acceptors reduces princi- 
pally to that of the density of states in the 
conduction band [for parabolic bands, 
for photon energies near ^ 
irrespective of the exact nature of the acceptor 
state involved[7]. Detailed calculations util- 
izing the quantum defect functions discussed 
in [8] have been performed for both donor and 
acceptor states in GaAs. It Is found that the 
form of the absorption coefficient (or recom- 
bination radiation) due to donor valence band 
transitions depends strongly on the donor 
binding energy; on the other hand, for 
acceptor-conduction band transitions the 
absorption coefficient varies as €c(ky‘'^ = 
(fto) - €(; - for small values of €c(k) 
irrespective of the acceptor binding energy 
just as anticipated from the density of states 
arguments above. Thus, the recombination 
spectrum due to band to acceptor transitions 
should in most instances approximate the 
energy dependence predicted by Eagles[l]. 

R{ho))Oi(h(i) - €(; + 

X exp[- (ftoj - Cf; + €a ) l KT]. (4) 

In Fig. I , the photoluminescence spectra of 
GaAs : Cd for two temperatures, 20° and 80° K, 
is compared with the line shape for conduc- 
tion band to acceptor transitions predicted 
from equation (4). The measurements were 
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Fig I Comparison of the photoluminescence line shape 
observed from GaAs :Cd with that calculated from equa- 
tion (4) for two temperatures. 


obtained from front surface luminescence. 
The experimental apparatus and techniques 
have been discussed elsewhere[9]. Correc- 
tions for self-absorption were considered and 
found to be small. 

Matching the peaks of the calculated line 
shapes to the experimental values yields the 
binding energy of the acceptors. Assuming a 
band gap of €f, = 1*521 eV at T = 20°K, the 
binding energy of the Cd acceptor is found to 
be€^ = 34-5 meV. Utilizing the binding energy 
calculated at one temperature, say 2(f K, both 
the position and shape of emission bands can 
be predicted for other temperatures if the tem- 
perature variation of the band gap is known. 
The predicted curve for 80°K follows taking 

“ 34*5 meV and Sturge's value for the band 
gap of ec, - 1*512[10]. Excellent agreement 
between experiment and simple theory is 
obtained for the peak and high energy por- 
tion of the spectral line at all temperatures in 
excess of 15°K. At lower temperatures other 
broadening mechanisms dominate the free 
carrier distribution broadening described 
by equation (4) and prevent further line 
narrowing. 

The deviation of the experimental line shape 
from theory on the low energy side appears 


to arise from the presence of a weaker emis- 
sion line -- 3*0 meV below the band-acceptor 
emission. However, other broadening 
mechanisms such as phonon emission may 
be operative precluding an unambiguous 



Fig. 2. Comparison of observed and calculated band- 
acceptor recombination in GaAs. Si The lower energy 
lines at 1 -486 and 1 489 eV are ascribed to donor- 
acceptor and bound exciton recombination, respectively 
(see [10]). 


explanation. The analogous low energy 
shoulder seen in Fig. 2 for silicon doped 
gallium arsenide at 20°K emerges as a domi- 
nant line at lower temperatures, say 2°K. 
In fact an additional lower energy line (- 
I^SheV) is also distinguished in GaAs: Si. 
The temperature dependence of the three 
lines I *486, 1 *489 and 1 *492 eV) has recently 
been investigated in some detail [10] in a 
number of different samples of varying silicon 
concentrations. In that work, the I*489eV 
line is ascribed to excitons bound to ionized 
acceptors and the I*486eV emission is identi- 
fied as donor-acceptor pair recombination. 
The arguments for these assignments will 
not be repeated here. In the present note we 
restrict our attention to the band-acceptor 
recombination at I *492 eV. As with GaAs : Cd 
excellent agreement between the predicted 
line shape of band-acceptor emission and the 
observed emission at l-492eV obtains. The 
comparison for T = 20°K is shown in Fig. 2 
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assuming an acccplor binding energy of 
f. I 30 eV and a band gap of 1 *521 cV^ 
Slurge\s|ilJ dclcrmination of Ihe Icmp- 
erature dependence of the band gap is shown 
in Fig. 3. At finite temperalurc the emission 
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I ig 3 1 cmpfialLiic dependenue of the picdicled and 
measured values for (he position of the peak intensity 
ot the hand tu .iccepl(M emission bands m (jaAs-( d 
amUiaAs Si 


energy a( (he peak oi' (he hand-aeceplor re- 
eombinalion ddfeis fiom (he band gap because 
o\ the thermal eiicigy of (he free canters, 
in (he approMinalion of parabolic bands (he 
cncigy distributuTn of the carrieis is Maxwell- 
ian, t'’’ expl ejK 1 1. Aeeoixhng to the simple 
iheoi > of eciualion (4). (he spectral dependence 
of (he I eeombi nation radiation is also deter- 
mined by (he free carrier distribution with 
€ ^ tio)-' e 1 - \ he peak of the Maxwellian 
distribution moves to higher energy with 
increasing tempei'ature causing the peak in 
the emission energy to occur increasingly 
further above the band gap with increasing 
Icinpcrature. In Fig. 3 the resulting tempera- 
ture dependence of the peak of the emission 
predicted from equation (4) is compared with 
the measured temperature dependence for 
GaAs:Cd and GaAs:Si. Flence, it appears 
that in these materials, photoluminescence 
provides a direct measure of the carrier 


distribution in the conduction band. It might 
also be possible to determine changes in the 
carrier distribution resulting from external 
perturbations such as electric fields or infra- 
red radiation. 

The ability of theory for band to acceptor 
transitions to predict both the shape and 
position of the emission bands in GaAs:Cd 
and (laAsiSi observed near l'49eV consti- 
tutes a strong indication that these bands 
are due to iccombinalion of conduction 
electrons with holes trapped on acceptor 
levels. Similar but less complete comparisons 
have been obtained for Mg-doped GaAs 
yielding an ionization energy near 3()meV 
for that impurity center. 
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Comment on the application of configuration 
coordinates to the red emission of gallium 
phosphide 

{Received 21 November 1967; 
in revised form 5 July 1968) 

In a RECENT ptiblication[l] an attempt was 
made to account for the width and peak posi- 
tion of the red emission band (at 7000 A) of 
P'type GaP, doped with Zn and 0, using the 
concept of configuration coordinates which is 
widely employed in the study of II -VI and 
1-V 11 compounds 1 2]. 

The red luminescence is emitted by pairs of 
deep donors (oxygen) and shallow acceptors 
(/inc)[3,4J. The large width of the red emis- 
sion band may be caused by the vibrations of 
the impurity atoms on the donor and acceptor 
sites as well as of the host lattice. 

A simplified description of such vibrations 
may be obtained by the assumption of a 
single configuration coordinate. As it may well 
be the first time that the concept of configura- 
tion coordinates is applied in the domain of 
III-V compounds it may be useful to point 
out some limits of its applicability. 

ln[l], two quantities of the theory involved 


were derived from the dependence of the half- 
width ^E of the emission band on temperature, 
i.e. the Franck-Condon energy shift Ef c (the 
difference between available transition energy 
and peak position) and the characteristic 
energy hw of the vibrations at the excited 
state. The following equation was used: 

(A^T- (2T6)'-E;, (1) 

where // is the mean quantum number of the 
oscillator involved whose temperature- 
dependence is given by: 

n = [exp(WAT)- (2) 

Equations (I) and (2) contain a single 
phonon energy. As it is now known [3] dif- 
ferent phonon energies play a role in the peak 
broadening so that the value found of 20 meV 
represents at best some average of the actual 
phonon energies. The high temperature 
approximation of equation (1) yields the value 
of Ef.( . The oscillators in the ground and ex- 
cited states may, however, have different 
force constants (K* ^ K) necessitating the 
extension of equation (1) by an additional 
multiplier (KIK’) so that at the most the 
product fTr- ■ (KiK') can be obtained. 
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Some observations on dislocation 
etching in copper 

{Rc(eived "SJune 1968) 


In ihp coursk of an investigalion[l] of 
easy glide in copper single crystals utilizing 
the chemical etch pit technique several 
features of pitting were observed which 
have not been reported previously. The 
etchant used was that of Livingstonl2J, 
(90 parts water, 25 hydrochloric acid, 15 
acetic acid, 1 bromine). 

The appearance of an etched {111} surface 
is shown in Fig, 1. l.ight and dark pits were 
determined by Livingston[3] to be due to dis- 
locations of the same type but of opposite 
sign which, because they intersect the etching 
surface obliquely, give rise to pits of different 
depth -the light pits being shallower. It can 
be seen that a pit does not have a constant 
slope from centre to edge; this is especially 
noticeable in the light pits, which have a 
pronounced dark border. This effect also 
appears in interferometric micrographs of 
both light and dark pits shown by Huletl and 
^'oung(4, Fig. 1]. 

I’igurc 2 is an electron micrograph of dark 
(A) and light iB) pits. A border region of high 
slope is visible on the light pit. Optically 
such a pit might be mistaken for a flat- 
bottomed dark pit, indicating that the dis- 
location responsible for it had moved away 
from the pit position, but it is clear from the 
electron micrograph that the pit is pyramidal. 
Regions of high slope (i.e. the dark pit and the 
edges of the light pit) are covered with small 
features which, through the use of latex 
shadowing balls on the replica, were deter- 
mined to be protuberances on the pit walls. 
Similar features appear in Young’s[5] 
electron micrographs. 

Pits in a crystal which was etched, stressed, 
and re-etched are shown in Fig. 3. Five 
varieties of pit appear in the field shown. 


Pit is a dark pit at a position from which 
the dislocation did not move; B a dark pit 
from which the dislocation moved; C a light 
pit, dislocation unmoved; D a light pit, 
dislocation moved; E a new pit. A dark 
annulus appears near the centre of pit C, 
a dark region is apparent around the centre 
of pit A , and the new pit E appears to be a 
light pit with a dark border. These observa- 
tions suggest that when etching (or re-etching) 
begins a transient effect occurs, consisting 
of the generation of a slope higher than the 
steady state slope. As etching continues this 
region moves towards the edges of the pit 
as illustrated in Fig. 4. This accounts for the 
dark border on light pits discussed above. 
Hulett and Youngf4J have reported similar 
transient effects when current density is 
changed in electrolytic etching. 


Succ?*ssive Profdrs Normol Views 



Second etch 
begins 




High slope 
(dark) region 
advances 
from center 



Fig. 4. Possible mechanism of re elchmg unmoved 
dislocation (profiles are drawn symmetrically and with 
exaggerated slopes for clarity), 


It may be noticed in Fig. 3. that the flat 
bottom in pit D is larger than that in B. 
Flullet and Young [4] have shown from the 
kinematic theory of etching that the rate of 
advance of a slope discontinuity depends on 
the etching characteristic followed. Fligher 
spreading velocity for a flat bottom in a shal- 





Fig. 2. Electron micrograph of a surface replica showing internal 
structure of dark {A) and light (B) pits. 
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Fig. Re-ctching behaviour of light and dark pits. 
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Fig. 5. Pits formed with Livingston’s etchant on a (100{ 
copper surface (a) unstrained (b) 0-2 per cent strain 
(c) 0*8 per cent strain. 
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low pit as compared to a deeper one implies 
that the etching characteristic is Type 1, i.e. 



where J is the step flux and p the step density. 
However if such a characteristic is being 
followed, the leading edges of a pit should be 
diffuse rather than sharp, and in Fig. 3 this 
does not seem to be the case. 

rhe light-dark etching effect is not confined 
to {111} surfaces. Figure 5 shows a {100} 
surface etched with Livingston’s etchant. No 
determination of the types of dislocation 
giving rise to the various pits has been made, 
but some of the features mentioned above for 
{111} pitting can be seen, for example dark 
pits (A) and light pits with dark borders(fi). 
A light-dark effect on the {100} surface is 
expected according to Livingston’s explana- 
tion, since the {111} slip planes intersect 
{100} obliquely. The etch-pit clusters shown 
in Figs. 5(b) and (c) after strains of 0-2 and 
0-8 per cent are more equi-axed than is 
commonly observed in copper. This is thought 
to be due to the orientation of the crystal, 
whose tensile axis was on the [001]-[011] 
tie line so that two slip systems were equally 
stressed. 

It may be wondered why Fig. 5(c) does not 
show such a pronounced light-dark effect, 
as docs Fig. 5(b) since presumably dis- 
locations of opposite sign are still present. 
1 he author’s view is that when a light-dark 
effect occurs, it can be taken as evidence that 
dislocations of opposite sign are present; 
but when the effect is absent, no conclusions 


about the dislocation population can be drawn. 
Even in crystals where dislocations of 
opposite sign are known to be present (e.g. 
copper single crystals strained in tension) the 
effect does not always occur; presumably it is 
quite sensitive to such factors as crystal- 
lographic orientation of the surface, quality 
of surface polish, orientation of the specimen 
surface in the etching bath, and amount of 
agitation. Contrast is also strongly affected by 
the microscope aperture settings. In the 
author’s experience the most pronounced 
light-dark effect occurs when no agitation is 
used during etching and the surfaces to be 
etched are horizontal in the etching bath. 
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ANTIPHASE BOUNDARIES IN SEMICONDUCTING 

COMPOUNDS 


D. B. HOLT 

Metallurgy Dcpiirlment, Imperial C'ollcge, I ondon S.W. 7, England 

{Received 23 Se pi ember 1 968; m revised form 1 6 bet ember 1968) 

Ab.vtrad- Within crystals of semiconducting compounds regions can exist between which reversals of 
crystallographic polarity occur These regions are antiphase domains. Antiphase boundaries (/4P/?s) 
aie crystallographic defect surfaces and type 2 /tPBs incorporate non-stoichiometric excess atoms of 
one of the conslitutents of the compound. The geometry of /t/'fls and their interactions with grain 
boundaries and with dislocations m semiconducting compounds with the sphalerite structure are 
treated and the properties of/IPBs are discussed. The evidence for their existence is reviewed and the 
techniques available for their study are outlined 


INTRODUCTION 

Many partially ordered alloys contain 
anti-phase boundaries. These are surfaces 
across which the occupation of the sub- 
latticcs of the ordered superlattice changes. 
That is, on one side (in one domain) one type 
of site is occupied by /t atoms, the second type 
of site being occupied by B atoms; on the 
other side of the boundary, however, (in the 
other anti-phase domain) the first type of site 
is occupied by B atoms and the second type by 
A atoms. The anti-phase domain size is a 
function of the degree of disorder. Much work 
both theoretical I “4| and experimental [5, 6] 
has been done on this phenomenon. 

The sphalerite structure characteristic of 
most of the important Ill-V and Il-Vl com- 
pounds is an ordered superlattice. Each of the 
elements of the compound with this structure 
occupies the sites of an f.c.c. sublattice. Each 
f XX. sublattice is offset by a quarter of a body- 
diagonal of the f.c.c. structure cell from the 
sites of the other sublatlice as shown in Fig. I . 
The wuri/ite structure characteristic of a 
number of the remaining Ill-V and ll-VI 
compounds and the chalcopyrile structure in 
which a number of ternary semiconducting 
compounds crystallize are closely related 
ordered superlattices. For crystallographic 
simplicity however attention will, in the main, 


be confined in this paper to the sphalerite 
structure of the more important materials. 
The general treatment developed applies pari 
passu to the other structures as well, however. 
The possibility that antiphase domains might 
occur in these structures has not previously 
been considered in the literature. There is 
evidence, however, as outlined below, arising 
from research on the dissimilarities between 
(1 1 1 ) /t faces and (11 1) B faces which shows 
that antiphase domains do occur. (Here A 
denotes atoms of the lower valence element in 
the compound and B, atoms of the element 
with the higher valency). This conclusion has 
not been explicitly deduced previously 
however. 

The sphalerite and wurtzite structures are 
non-ccntrosymmetric. Hence there is in the 
11111 direction in the sphalerite structure, a 
definite order of occurrence of the (111) 
planes of atoms of the two chemical species 
constituting the compound as illustrated in 
Fig. 2. T'hat is, the structure exhibits polarity 
in the {11 1) directions. The opposite sides of 
{111} slices of materials with the sphalerite 
structure are physically and chemically dis- 
tinguishable in a number of simple and impor- 
tant ways [71. This implies that sphalerite 
structure materials part predominantly along 
either Type 1 or Type II {111} planes, since 



1 



I iji I. A fee iinil coil Ihc sphalenlc siiuetiiie i> 
Jr.iwn VMlh tine solid lines P;n! of anolhei face cciilied 
eiihie iinil cell is sIiovmi b> dolled lines ! he laltei cell 
IS oempied by black aioiiis displ.Kcd by \, 1 , 1 ni tennso! 
the lattice paiameter alon^ the three crvstallogiaphic 
a\es liorn the white alonis ol the lust umt cell 1 he co- 
oidin.iic^ aie given loi the lout black atoms to which 
the wliile atom at the ongiii is bonded I he pans oi atoms 
connected bv anovvs ine the basis of the sij iictiue 


A {III) 



lie 2 Splialeiile sliueime piniecied onto the HID) 
plane I he cecjiienee ol aloms m ihe |III) and 1111} 
dneetions aie leversed. llmt is. these dneetions have 
polaiit\ II the nialetial always oi predonifnantly parts on 
type I planes lathei Ih.m type II planes, (hen Hill 
planes and (ill) planes aie sin laced by atoms of dilfereni 
t\pe I hat this dL>es occur is shown by [he existence of 
many oxperimeniaily obseived dissimilaiiiies between 
Oil) and Hill p!anes|7! 

only in this case aie opposite faces pre- 
dominantly of aloms of the dilfereni chemical 
species. It is Iherefoie very probable that they 
pari essentially along Type I planes as indi- 
cated in Fig. 2. In two cases it was observed 
that the character of the surface varied from 
one area to another! K-IOJ and evidence of 
polarity reversal across twin boundaries has 
been reporled| 1 1 1. These observations are 
evidence of the existence of polarity-reversal 


domains, that is, of antiphase domains and 
boundaries as will be discussed below. 

GEOMETRY OF ANTIPHASE BOUNDARIES IN 
THE SPHAt.ERITE STRUCTURE 

It is possible either for ihtA atoms (those of 
the lower valence element in the compound) 
to occur on the (000) (white atom) sites of 
Fig. I and the B atoms therefore on the iVu) 
(black atom) sites or for the A atoms to occupy 
Ihe (1 1 1) sites. Changing from the one occupa- 
tion scheme to the other creates antiphase 
domains between which polarity is reversed as 
shown for example in Fig. 3. The interface 
between antiphase domains is an antiphase 
boundary [ABB). It can also be seen in Fig. 3 
that the nature of, for example, the top surface 
of the materia! changes across antiphase 
boundaries, fhat is, the presence of ABB's 
changes a suii'ace from (1 1 1) >1 type to ( 1 iT) 
B type. C onversely observations ofehanges in 
surface type from one area to another(8-l01 
constitute evidence of the existence of anti- 
phase boundaries in (he material. Assuming 
that all atoms have four tetrahedral bonds, all 
bonds crossing ABB's must connect like 
atoms, that is, they arc wrong bonds and have 
higher energy than right bonds connecting 
unlike atoms. This follows since bonds con- 
nect neighbouring sites which arc normally 
occupied by unlike atoms. Across an ABB 
however the occupancy of the sublatiices has 
been interchanged so that across an ABB 
neighbouring sites arc occupied by like atoms. 

In the sphalerite (and wiirt/ite) structures 
there are just two sublattices and only two 
ways in which they can be occupied. It there- 
fore follows that ABBs in these structures are 
incapable of forming a metastable foam struc- 
ture (I). 7'hat is, three domains cannot be in 
contact for there are only two ways in which 
the sub-lattices can be occupied. Two of the 
hypothetical three domains must have the 
same occupation scheme and no ABB 
separates them. This means that ABBs must 
either be closed surfaces (possibly coinciding 
with grain boundaries, as discussed below) 
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I ig ^ Anllpha^e boundaries in the sphalerite structure 
seen in piojcciion on the (1 10) plane. In this and in sub- 
Ncqueni tigiiics /ig-zag lines denote wrong bonds, (a) 
ill^) anliph.ise boundary I his is a type I APB. Equal 
tuirnbtiN ol wiong A^A bonds (white-white) and of 
'^long B~B bonds (black-black) cross the boundaiy. The 
total numbers ot the two types of atom in the niajerial 
aie unafrecicd by (he presence of this APB (b) ( 1 1 H B 
antiphase boundary which is of type 2 and involves wrong 
B~B bonds only More B atoms than A atoms arc in- 
toiporalcd in material containing type 2 B APB^ (c) 
(MU 4 antiphase boundaries are also of type 2 but 
incorpoiate a non-sloichiomelric excess of zf atoms into 
the material. 


or emerge at free surfaces. Thus the domain 
structure in monocrystalline materials with 
either the sphalerite or wurtzite structures can 
only take the form of a matrix of one domain 
type containing domains of the other type in 
the form of included volumes. The structures 
observed by etching both GaAs (which has 
the sphalerite structure [8] and CdS (which 
has the wurtzite structure) [9J were of this 
form. Such a substructure is unstable and at 
elevated temperatures will tend to anneal out. 
eliminating the high energy APB\\9]. Un- 
stable foam structures are conceivable in 
which pairs of APBs intersect to divide the 
crystal into four domains which are alternately 
phase and antiphase around the line of 
intersection of {UqAPBs. 

I'he vectors translating the points of one 
sub-lattice to those of the other sublatlice.s are 
of the form u/4( ! 1 1 ) + L, where L is any f.c.c. 
lattice vector. Any plane that contains an 
am 111) vector will therefore include sites of 
both suhlallices. These will be called type I 
planes. ( These are not to be confused with the 
Type I (III) planes shown for example in 
Fig. 2. 'I'he two similar terms are in standard 
use.) Planes containing no u/4(lll)+L 
vectors will contain sites of one sublaltice only 
and will be called type 2 planes. Ail bonds 
crossing an APB are wrong bonds. If the 
atomic planes on either side of the boundary 
are of type 1. therefore, wrong bonds con- 
necting both species of atom must be involved 
Antiphase boundary planes of type 2, how- 
ever, involve atoms and wrong bonds of one 
kind only. Only in the latter case are there 
more of this kind of atom than of the other in 
the material in consequence of the existence 
of the APB. That is, only type 2 APB\ can 
attect and be aiTccted by deviations from 
stoichiometry. Examples oi APB's illustrating 
these facts are given in Eigs. 3(a-c). 

The condition that a plane (// v u ) contains a 
direction hkl is that the normal to the plane 
and the direction be at right angles. That is, 
the scalar product of the two directions must 
be zero: 
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1 300 

hif "T Ar ~f /m’ — 0. { I ) 

Thus type I planes arc those for which 

[// r u'J-(Ill) = 0 
while for iype 2 planes 

[//TH'] ■ (111) ^ 0. 

All type 1 planes contain equal numbers of 
A and B sites. This can be shown by treating 
two cases: I'ype 1 (i) planes contain just one 
ri/4{l]J) vector. Hence each A site in the 
plane is coupled lo a B site displaced by 
^//4{ 1 1 1) from jl. Type l(ii) planes contain two 
^//4(J1I) vectors at 109" 2S' (the tetrahedral 
angle) to one another. Thus to each A site 
correspond two B sites displaced from it by 
the two n/4( III) vectors i.c. at the ends of the 
two tetrahedral bonds lying in the plane (Fig. 

1 ). However since the interbond angle at both 
A and B atoms ts the same the sites lie in 
parallel rows forming a zig-zag chain contain- 
ing equal numbers of A and B atoms. The 
plane of a type I (ii) ABB is of course fully 
delcnnincd by the two (111) vectors that it 
contains, hoi example, the plane (// r ir) 
Containing the 1 1 1 1 1 and Hill directions, is 
(OIJ). 

Ihc only type I (ii) planes arc those of the 
form { i 10} ' . 

Since type 2 planes contain sites of one 
subiatticc (One atomic species) only, there 
must be neighbouring parallel planes in the 
other subiatticc containing only atoms of the 
other kind. Hence, depending upon where the 
type 2 ABB is formed all the bonds will be 
either wrong A- A type or wrong B-B type. 
Thus type 2 ABB's can occur in either {u v vr} 


*Lquat)on ( 1) is the same expression as that employed 
to distinguish between lype 1 and type 2 AFB's in cenlro^ 
symmetric supcrlaiuces However there is no shear 
vector that will transform one antiphase domain into the 
other in the sphalente or wurtzite structures i.e there is no 
antiphase vector, t herefore ihc aigumcnislh] in terms of 
the necessity or otherwise for removing material in order 
to form the AFB which are used lo justify equation ( I ) in 
centrosymmclric materials don’t apply here. 


A or in {//nr} B forms. An example illus- 
trating (his fad is given in Figs, 3(b, c). 

ANilPHASK BOLNDARIKS AND (iRAlN 
BOLNDARILS 

To each grain boundary across which the 
misorientation corresponds to a tilt about a 
(110) or a ( 100) axis in the diamond structure, 
there correspond two physically distinguish- 
able grain boundaries in the sphalerite struc- 
ture. In the case of ( 1 10) till axis boundaries it 
was shown in a ptevious paper that the two 
btnindaries correspond to tilts of 0 and of 
b) = 180''+ ^1 12]. Rotation through 180° about 
a (HO) axis is an operation which inter- 
changes the occupation of the two sphalerite 
sublattices. Thus a b)(ll0) grain boundary is 
also describable as a 6 boundary plus mAPB. 
This is illustrated in Figs. 4(a,b) for the case 
of the upright and inverted (III) twins in the 
sphalente slrueturc| I2|. Figure 4(c) is an 
example of the way in which twin boundaries 
and an ABB may be connected. 

In thecaseof ( 100) tilt axis grain boundaries 
the two boundaries in the sphalerite structure 
corresponding to a single boundary in the 
diamond structure have misorienlations of 
0 and 0 I 90° (plus inversion). Again a rotation 
of 90" about a ( 100) axis plus inversion through 
a centre of symmetry is a polarity inverting 
operation, since the ( 100) axes in the sphalerite 
structure are 4 inversion tetrad axes. There- 
fore a (fy+90° + inversion)(l00} boundary is 
equivalent to //f)(10()) grain boundary plus an 
ABB. An illustrative example is given in Fig. 5. 

Thus may be associated with changes 
of orientation (grain boundaries) in whole or 
in part. Which situation will obtain depends 
upon the conditions under which the speci- 
mens were prepared. If the material formed by 
coalescence during growth of grains that 
nucleated with unconstrained or only partially 
constrained orientation and occupation of the 
sublattices, ABB's must be expected some- 
times to be associated with the grain boun- 
daries. 1 n the case of CdS studied by Rozgonyi 
and Foster[10] it appears thalv4PB's occurred 
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1 ig 4. { 1 1 1} twin boundaries m the sphalente structure 
(a) InvL'itcd twin boundary (b) Upright twin boundary, 
(c) Join of a {til} H antiphase boundary and |lll( 
twin boundaries. 

only in coincidence with grain boundaries in 
both vapour phase grown bulk polycrystalline 
samples and in films, evaporated or sputtered 
onto Au-coated quartz and sapphire. When 
films are grown epitaxially all the grains that 
coalesce to form the film have the same or 
nearly the same orientation due to the in- 
fluence of the substrate. It need not be the 
case in general that the occupation of the 
sublattices be the same throughout all these 
separately nucleated volumes however. In 
such cases then would not be associ- 

ated with grain boundaries. The antiphase 
domains so formed would occur on an electron 
microscopic scale. In the case of bulk single 
crystals there are no grain boundaries and the 
antiphase domains constitute isolated volumes 


e:36 52' 


i 
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0=36®52%90® 

Fig. 5. Join between gram boundaries m the sphalerite 
structure having tilt axis [0011 J^nd a (1 10) median plane 
with an antiphase boundary. 

with the common crystallographic orientation. 
Where they intersect the free surface they will 
produce isolated polarity inversion areas as in 
the case of the (GOOD surface of CdS investi- 
gated by Wilson[9J. 

An important special case of the association 
of an APB with a grain boundary is that of the 
inverted twin shown in Fig. 4(a). Inverted 
twins were found to occur frequently in BeO 
[II] although they are not known to exist in 
other materials. 

ANTIPHASE BOUNDARIES AND DISLOCATIONS 
What were previously described as inverted 
stacking faults in dissociated dislocations in 
the sphalerite structure] 13] are antiphase 
domains two (111) planes thick and bounded 
by partial dislocations. Figure 6 indicates the 
way in which a 60° dislocation can dissociate 
to form such an inverted stacking fault. 
Movement of either or both of the partials 
can widen the stacking fault, that is, increase 
the volume of the antiphase domain. In this 
way dislocations can play a role in order- 
disorder transformations and can interact with 
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Fiji 6 One mode of dissociation of a 60" dislocation m 
the sphalerite structure to form an inverted stackinj: fault, 
(a) 60" dislocation The arrows mdreate the sense in 
which the double atom ribbon lunnmj; normal to the fijiure 
must be lOlated and lehonded as indicated by the dotted 
lines, <b) Resultant loim of extended dislocation when 
three double atom ribbons have been so rotated. Pailial 
dislocations run normal to the figure at the positions 
marked /* i he dotted lines bound an antiphase domain 
which can he extended by movement ol the partial 
dislocations. 

AFlh. However in diamond and sphtilerile- 
struelurc malcnals dislocations have not been 
observed to be dissociated] 14] except in the 
caseof A1N| \5. Ibjandthe ll-VI Compounds 
ZnSjlS, 17, 19| C'dS|20j and ZnSefl9,21J. 
In the case of ZnS it has been established that 
the wiirtzite-sphalente phase transition 
occurs through the movement of partial 
dislocations drawing stacking faults behind 
them [22, 23 1. Thus dislocation dissociation is 
unlikely to be Important in many of the III-V 
compounds but may well be significant in 
most 1 1 “VI materials. 

The defect structures considered above are 
idealized. Real defects must often be more 
complex due to segregation of impurities and 
to interactions with gross defects such as 
precipitates, voids, cracks etc. 

ENERGIES OF ANTIPHASE BOUNDARIES 

The energy of antiphase boundaries in the 
sphalerite structure will be the sum of terms 


HOLT 

due to nearest-neighbour interactions, to 
long-range ionic interactions and non-stoichio- 
metric contributions. The nearest neighbour 
interaction term can be obtained by multi- 
plying the number of each kind of wrong bond 
per unit area by the extra energy of that kind 
of wrong bond. The long-range ionic term 
could be obtained from a calculation of (he 
change in the Modelung constant resulting 
from the introduction of the APB, The effect 
of conditions favouring non-stoichiometry 
would have to be treated in terms of the 
chemical potentials of the elements in a 
system consisting of the crystal in contact 
with material reservoirs of the two con- 
stituents of the compound. 

None of these terms can be treated in a 
general way. Existing treatments of APBs 
consider nearest neighbour interactions alone. 
Even in the case of the wrong bond term which 
involves nearest neighbour interactions alone 
the generalized expression employed by Cahn 
and Kikuchi cannot be used here as it applies 
only to structures in which each atom is at a 
centre of syminetryl2). Moreover no experi- 
mental observations of the preferred orien- 
tations of APlh in sphalerite structure 
materials are available, against which to test 
any expressions (ovAPB energies as functions 
of orientation. In this paper therefore the 
wrong bond term alone will be discussed and 
that only for a few simple cases. 

Any bond that crosses an antiphase boun- 
dary plane, p, must be a wrong bond. The 
condition that a plane p must be crossed by a 
vector t is that the projection of t on p equal or 
exceed the intcrplanar spacing l/p[ll. The 
bonds in the sphalerite structure all have 
vectors t = (111) and it would be possible to 
proceed in this way to determine the types of 
bond cut by any given plane, the numbers of 
each type cut per unit area and to multiply 
these numbers by the increase in energy per 
bond ,4 - E^,i or - E as the case might 
be[l]. 

It will suffice for present illustrative pur- 
poses, however to consider the (100), (1 10) 
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and (111) planes. Drawings of the atomic 
structures of these planes were given in a 
previous paper [24] and it was shown that the 
number of bonds crossing unit area was given 
by 

N 

' q,Xq, 

where qi X q^ is the unit mesh of the crystallo- 
graphic plane in question and n is the number 
of cross-boundary bonds associated with that 
mesh. For the (100) plane it was shown that 
N, = 4/k^ where A is the lattice parameter of 
the compound. These bonds are all of the 
same kind i.e. (100) is a type 2 APB plane. 
Thus there are two cases: (l00)/4 APB's have 
a wrong bond energy per unit area of 4/A^ 
(E^^-E^n) and (100)/? APBs have a wrong 
bond energy per unit area of 4/A" {EfUi- 
Similarly for (110) planes /V, = 2V2/A" with 
equal numbers of both kinds of wrong bonds 
present i.e. (1 10) is a type 1 APB plane. Thus 
the wrong bond energy per unit area for (110) 
APlh is given by \/2/A^{£'^^ -I- — 2£',4/<}. 
For (III) planes Ns - 4/ V3A^ and the bonds 
are all the same kind (type 2 APBs). Thus the 
two cases are: ( 1 1 1 ) /^ with an energy per unit 
area due to wrong bonds of 4/ V3A‘^{ E^ E^h) 
and ( 1 1 1 ) /? with a wrong bond of energy of 
4/ 

Thus for example (1 1 l)/?^Pfis are of lower 
energy than are (10())fi/l/^Bs in sphalerite 
structure compounds in which the bonding is 
predominantly covalent so that the wrong 
bond energy term is more important than is the 
ionic energy term. It is also clear that speci- 
mens grown under conditions favouring non- 
stoichiometry are likely to contain a greater 
area per unit volume of type 2 APBs than are 
specimens of stoichiometric composition. 
Type 2 APBs will therefore also be referred to 
as non-stoichiometric APBs. 

While type 2 APB's, if atomically planar, 
contain all A or all B atoms it is geometrically 
possible to produce APBs with any ratio of 
A-A to B-B bonds. This is done by means of a 
stepped structure with successive steps in 


positions e.g. as in Figs 3(b) and 3(c) or in 
Type I and Type II (III) positions as shown 
in Fig. 2. Each kind of step in such cases will 
contain atoms and wrong bonds of one kind 
only. The ratio of the areas of the steps of the 
two kinds then gives the ratio of to B atoms. 
This amounts, microscopically, to considering 
high-index planes which are very near to a 
type 2 APB orientation. The types of APBs 
occurring on a number of low-index crystallo- 
graphic planes are listed in Table 2. 

PHVSICAL AND CHEMICAL EFFECTS OF 

APBa IN SEMI CONDDCTINt; COMPOUNDS 

The occurrence of antiphase domains 
in crystals of semiconducting compounds 
with the wurtzite or the sphalerite structure 
will affect the overall value for the sample 
of polarity-dependent properties. Certain 
physical parameters measured in polar 
directions, reverse sign when the polarity 
is reversed. If the sample contains equal 
volumes of matrix and antiphase material the 
averaged value of such a parameter will be 
zero. The effect of the presence of any volume 
percentage of antiphase material will be to re- 
duce the measured value of (he parameter 
proportionally. Examples of polarity depen- 
dent parameters are the piezoelectric and 
pyroelectric constant.s. 7'he sign of the surface 
charge for a given stress or temperature 
depends upon the polarity [25. 26]. Wilsonl9) 
mea.sured the piezoelectric constant, of 
CdS crystals containing apparent antiphase 
domains and found the measured value to vary 
linearly with the ‘average density’ of these 
antiphase domains intersecting the {0001} 
surface of the sample. Other well-known 
polarity dependent properties of sphalerite, 
and wurtzite, structure compounds are the 
etching and crystal growth behaviour of ihe 
{111} and {0001} surfaces[71. 

The electrical and optical properties of 
APBs should resemble those of grain boun- 
daries. As the periodicity of the lattice poten- 
tial is disturbed by APBs, scattering of charge 
carriers can occur. Since like-neighbour bonds 
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occur across APB's the possibility of trapping 
and recombination of charge carriers arises. 
Type 2 APBs contain like-neighbour pairs of 
one chemical element only. They must there- 
fore be expected to have large electrostatic 
charges. The data necessary for a quantitative 
discussion arc not available. However it is 
possible to indicate the qualitative causes and 
consequences of this surface charge. In 
compounds that are predominantly covalently 
bonded the wrong bonds that occur have either 
more or less than two electrons per sp"^ 
hybrid orbital and should be readily excited 
so that electrons may tend to be either lost 
(donor action) or gained (acceptor action). The 
resultant charges are likely to be less than in 
the case of grain boundaries containing dang- 
ling bonds which have been observed to have 
charges as great as 2-5 x 10^^ electrons per 
or one per I atoms in the surface. Such 
surface charges in semiconductors would 
result in band bending and in extreme cases 
might result locally in majority charge carrier 
sign reverstjl[l2]. In predominantly ionically 
bonded compounds type 2 APB's would 
automatically have a charge of the sign of the 
ions involved and of the order of 10^-’ electrons 
cm “ i.c. one per ion in the surface. Such 
surface charges are not energetically possible 
and may be avoided either by a change in the 
valence slate of the atoms concerned, or by 
the incorporation of impurity atoms, or by 
adopting an atomically non-pi anar configura- 
tion for example stepped from A to B atom 
positions as discussed above, or by the non- 
occurrence of boundaries in such orientations. 
If charged surfaces do occur in ionically 
bonded compounds they will produce 
screening space charge regions containing an 
excess of the vacancies of the appropriate 
charge sign (reference [12J and the references 
listed therein). 

Type 2 APB's accommodate a non-sloi- 
chiometric excess of one element. Thus 
APB's are one of the forms of structural 
defect to which non-stoichiometry can give 
nse[4J, The influence of non-stoichiometric 


conditions in the formation of APB’s may be 
direct or indirect. The direct mechanism is 
that in which a high chemical potential of one 
element during crystal growth or annealing 
promotes the incorporation of a non-stoi- 
chiometric excess of that element and lowers 
the energy of type 2 A PBs. 

A possible indirect mechanism is that which 
has been found responsible for the occurrence 
of long period stacking order structures [27] 
and periodic antiphase structures(28-33] in 
alloys. On this approach, periodic antiphase 
structures (which are not known to occur in 
semiconducting compounds) or long period 
stacking order structures (polytypes [34]) 
would be explained as occurring in order to 
alter the positions of certain Brillouin zone 
boundaries so that (he Fermi surface just 
fills the zone. In other words the structural 
defects, APBs or stacking faults, occur 
despite their surface energy of formation be- 
cause of a net energy minimization resulting 
from a lowering of the energy of the valence 
electrons in the sample. Particular structures, 
i.e. particular polytypes or periodic antiphase 
structures, would then be expected to occur 
foi' particular electron/atom ratios. These 
ratios would vary with cither impurity content 
or with the deviation from stoichiometry. 

I hese forms of defect structure would then be 
a consequence of the thermodynamic condi- 
tions during growth or annealing of the 
crystals. Regularly faulted or antiphase 
structures apparently also occur as phases of 
fairly definite composition in certain non- 
sloichiomelric oxides [35]. 

The fact that non-stoichiometric excess 
atoms can occur in forms . other than as 
statistically distributed isolated point defects 
involves an alteration in the traditional view- 
point. Cahn and K.ikuchi[41 pointed out that 
in addition to the various forms of isolated 
point defect, deviations from stoichiometry 
in alloys could lead to the formation of a 
precipitate phase containing the excess of 
the major species or to the adsorption of the 
major species on to a network of domain walls. 
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In addition in semiconductors with tetrahedral 
co-ordination structures regular superlattice- 
like vacancy arrays called sponges appear to 
be geometrically and energetically possible 
(Hornstra J. H., Private communication) 
and polytypes do, and periodic antiphase 
structures might occur. Deviations from stoi- 
chiometry can be very large by the usual semi- 
conductor standards. In the one case that has 
been intensively studied, that of GaAs, non- 
stoichiometric point defect concentrations of 
iO^’^cm seem to occur. (The literature on 
this point was reviewed previously [36]) 
if this were entirely accomodated on anti- 
phase boundaries with 10'*'^ atom sites 
cm“', 10'‘cm^ of Type 2 APB per cc would 
result. Much larger deviations from stoichio- 
metry are common in oxides and may well 
occur in the Il-Vl compounds. Effects of heat 
treatments that are usually attributed to 
alterations in point defect concentration may 
be partially due to the formation of other 
types of nonstoichiometric structural defects 
|37|. 


METHODS FOR OBSERVING AFHs 
transmission electron microscopy has 
proved to be the most powerful technique for 
the study of APB\ in alloys and it is likely 
to be the most useful method in the case of 
semiconducting compounds too. Certain 
features of the structure factor for the sphale- 
rite structure, however, lead to changed 
diffraction contrast conditions for APBs in 
sphalerite-structure materials as compared 
with the materials hitherto studied. It seems 
desirable therefore to discuss these points 
here. 

The positions of the atoms in sphalerite- 
structure materials may be given in terms of 
their co-ordinates in an f.c.c. unit cell (Fig, 1) 
us A atoms at u^v.^w.^ = 000. ^0, M and 0^ 
and B atoms at Hi HI and 

Substituting these values into the expression 
for the structure factor for iht h k I reflection 

F^f.1 = ^ lQ2iTHInnkr4fu') 
uviv'k 


leads to the expression 




Ua [ 1 ^ Qniih+kl 

_|_ Qrriih f 0 gTrKfr'hD'j 


where X, andX^ are the atomic scattering fac- 
tors for the two constituent elements of the 
compound. The second factor in the struc- 
ture factor is that for the f.c.c. space lattice 
and is equal to 4 when /?, k and / are all even 
or all odd and is equal to zero when /i, k and / 
are mixed even and odd integers. The first 
term is the basis structure factor. For per- 
mitted reflections {h k and / all even all odd) 
therefore 


^A-i = 4(/,+^expf7r/2(/i + ^+/)) 

which represents both the phase and the 
amplitude of the reflected wave. There are 
four cases of permitted reflection, details 
of which are given in T able 1 . 

The effect of interchanging the occupation 
of the sublattices across an APB is to inter- 
change /, and fn in the Structure Factor. In 
case 0 of Table F/i+X/j becomes 
which involves neither phase nor amplitude 
change and no APB contrast arises in dark 
field electron micrographs using such reflec- 
tions. In case I. becomes /« + //< 

which does not alter the amplitude but 
involves a phase change as indicated in Fig. 7 
and Table I which depends upon the relative 
magnitudes of /, and/^ and therefore varies 
from one compound to another. Case 3 is 
similar to case 1 except as can be seen in Fig. 
7 the sign of the phase change is reversed. 
Case 2, superlatlice, reflections undergo a 
phase change n across APBs and strong APB 
contrast occurs in dark field micrographs. In 
the alloy systems studied hitherto only super- 
lattice reflections (analogous to case 2) gave 
contrast at APBs and no analogues of cases 1 
and 3 existed. The reflections permitted by the 
sphalerite structure factor are listed in Table 2 
together with the reflection case and XhQ APB 
type of the corresponding atomic reflecting 
planes in each instance. 
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Table I. Cases of permitted reflections in the sphalerite structure (All permitted reflections 
must have h, k, I all even or all odd} 


('use /HT 4 / ^ 

Type of 
rt’flecUon 

Structure 

fuctor 

f'hkl 

Reflected 

Intensity 

Magnitude of 
APB phase 
change 

Relative 

contrast 

0 4n 

KimUiimenlal 

4(L +>/{) 


0 

0 

1 4« 4 1 

Funilumental 


\^Ur4-fir) 

tan ‘ — tan ' 
fB f'A 

Depends on 
compound 

2 4/; -b 2 

Supcrliitiicc 

4^ /,-//,) 


77 

fA IB 

strong 

3 4n 4 .3 

rundamenUii 

4 


lan ' ~ tan ' ~ 

II! fA 

Depends on 
compound 


rhf APti phase changes for type 1 and 3 reflections for any given compound arc of opposite sign as indicated in 
Kig. 7 


Table 2. Fermitted reflections in sphalerite structure materials 


hki 

IrPk^PP 

Reflection 

cose 

. APB 
comrast 

APB type 
for piane.s 

Actual atomic 
plane indices 

1 1 1 

3 

3 

[) O.C. 

2 (non-stoichio metric) 

(111} 

200 

4 

T 

strong 

2tnon-stoichiometric) 

{100} 

2 20 

X 

0 

0 

1 (stoichiometric) 

(110} 

3 1 1 

11 

1 

D.O C 

2(non-stoichiometiic) 

(311} 

2 2 2 

12 

2 

strong 


(lllfq.v. 

4 00 

lb 

0 

0 


Il00}q.v, 

3 3 1 

P) 

3 

D OX\ 

2(non-stoichiometric) 

{331} 

4 2 0 

20 

T 

strong 

2(non-stoichiometMc) 

(210) 

422 

24 

0 

0 

] (sioichionictric) 

{211} 

S 1 1 

27 

3 

D O.C. 

2(non-stoichioinctric) 

(511} 

333 


1 

D.OC'. 


(iii)qv 


The distance from the undcllectcd beam to \t\ hkl reflection on an election diffraction pattern is pro- 
portional to the square tool of 4- P. given in the second column. The reflection case numbei refers to 
the listing in [able 1 and is the remainder when /i 4 A + / is divided by foui. The terms used in \\\cAPB 
contrast column ate defined tn colmnns and 7 of I able 1 


Table 3 lists for a number of the most 
practically important III-V and M-VI com- 
pounds the actual AFF phase changes for the 
first two casCsS 1 and 3 reflections, namely 
(311) and (111). These are fairly large for 
compounds of elements of widely differing 
atomic number and in these compounds AFB 
contrast should be readily detectable for {31 1) 
and {111) reflections. 

The presence of AFB s can also be detected 
in semiconducting compounds by observing 
any polarity dependent property of the 
material. The only experimental observations 
thus far have been made in this way and 
especially by elching[8-101, and this is the 


simplest method for detecting the presence 
of macroscopic antiphase domains. The elec- 
trical effects of AFBs would appear to be 
worth investigating. The sign of the piezo- 
electric or pyroelectric surface charge on 
polar surfaces must reverse from matrix 
to antiphase domain. Large surface potential 
changes should therefore occur at APBh and 
be detectable by decoration with fine particles 
of high dielectric constant [38]. Of course in 
more highly conducting specimens, such sur- 
face changes quickly flow away, so that this 
type of technique is applicable only to large 
band gap materials. Electron mirror micro- 
scopy which is sensitive to extremely small 
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Table li, APB phase chanf^es for case I and case 3 reflections 


Compound 
atomic nos, 

Reflections 

L 

tan-' — tan ' - 

/. 

InSb 

31! 

4-62 

4^81 

\°\T 

49-51 

Ill 

7-44 

7-64 

r 9' 

GaAs 

311 

2'93 

3 07 

8”53' 

31-33 

lit 

5-13 

5-35 

4’’25' 

GaP 

31! 

2 ' 8 I 

J-67 

2%^4T 

31-15 

Ill 

4-35 

3-41 

13“39' 

CdS 

31! 

416 

200 

38°40' 

48-16 

Ill 

6-95 

3-46 

370 y. 

ZnS 

.111 

2-74 

1-82 

22*^51' 

30-16 

HI 

4-90 

3-34 

21*^34' 

ZnSc 

311 

2-88 

316 

5“2I' 

30-34 

111 

5 02 

5-47 

4°34' 

ZnTe 

311 

3-12 

4-62 

2r57' 

50-52 

111 

5-23 

7-52 

2^26' 


Values of Sin 0jK= 1/2 dhki were calculated from values of lattice para- 
meters taken from Aven and Prener[39I and from Wyckoff[40). Values of /, 
and/,, were then obtained from the tables in Appendix A3.1 in Hirsch al.[5\. 





(C) 

CASE 3 (111) 


(D) 


7. Phase changes in case I (/r f A -l- / = 1) 

(la) to (b)) and in case 3 (// + A + / 4/7 4'3) (Ic) lo (d)) 
reflections on crossing The values of and /» 

are those for the (3)1) and (111) reflections of CdS, 


variations in surface potential and scanning 
electron microscopy in which voltage contrast 
can be obtained for potential changes of the 
order of a volt may also prove useful for 


observing APB's through their electrical 
effects. 
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OXYGEN SELF-DIFFUSION IN UNDOPED AND 
DOPED COBALTOUS OXIDE* 

W. K. CHEN and R, A. JACKSONt 

Metallurgy DivjMon, Argonne National Laboratory, Argonne, 111. 60439. U S A. 

(Pcce/ved7 October I968; in revised jorm 12 December 1968) 

Abstract -The diffusion coefficient of 0-18 in CoO has been measured in the temperature range from 
I IT.V to I.S60T. DilTusion was measured in undoped CoO crystals and in crystals containing from 
0 1 to 0-3 molar percent of aluminum or lithium. The diffusion coefficient in the undoped crystals is 
represented by the expression, D = 5(J exp [- (95,000 ± 5000) ]/RT cmVsec. at = 0 21 atm At a 
constant temperature and a constant oxygen partial pressure, the diffusion coefficient in doped crystals 
was found to increase or decrease with increasing concentration of lithium or aluminum in the ovide 
crystals. The results are discussed in terms of oxygen diffusion by a vacancy mechanism. 


1. INTRODUCTION 

CoBALTOUS oxide is an oxygen-excess oxide 
exhibiting a p-type semi-conduction. The pre- 
dominant defect in this non-stoichiometric 
oxide has been considered to be a cobalt 
ion vacancy. At high temperatures and at 
oxygen partial pressures near one atomsphere, 
the cobalt vacancy is believed to be predom- 
inantly singly ionized. This is supported by a 
number of experimental findings, such as 
electrical conductivity [1-4] and self-diffusion 
of cobalt ions [5 1 are approximately propor- 
tional to the one-fourth power of equilibrium 
oxygen partial pressure at a constant tempera- 
ture. While a careful study has been done on 
cation self-diffusion in polycrystalline CoO[5], 
little information concerning oxygen self- 
diffusion in CoO at high temperatures is avail- 
able. The purpose of this study was to obtain 
meaningful results for oxygen diffusion in 
CoO and to look for the possible diffusion 
mechanism of oxygen in this oxide. 

2. EXPERIMENTAL 

iA) Material 

All diffusion measurements were made on 
single crystals. The single crystals were grown 

*This work was performed under the auspices of the 
United States Atomic Energy Commission. 

tNow a Graduate Student, Michigan State University. 
East Lansing, Michigan. 


by the Vemuil process in an arc-image furnace. 
The starting material for the undoped crystals 
was a ‘baker analyzed' reagent grade cobalt 
oxide power (crystal series I). The doped 
cobalt oxide powders were obtained from 
decomposition of a cobalt oxalate mixed 
with a dopant oxalate. Mixtures of a cobalt 
oxalate and a dopant oxalate were obtained 
by co-precipitation from the well stirred 
mixed solution of nitrates with an ammon- 
ium oxalate. The oxalate precipitates were 
first dried and then decomposed at 120(fC 
in air to oxide powder for growing single 
crystals (crystal series 11). Typical analysis 
of impurities in the crystals grown from two 
different lots of starting materials are shown 
in Table 1. The as-grown crystals were 
annealed at 1 200T in air for 24 hr before use. 

(B) Methods 

Oxygen diffusion was determined by the gas/ 
solid 0-18 isotopic exchange technique. The 
details of the apparatus and the procedures 
have been described previously [6]. The 
difference from the previous report will be de- 
scribed briefly here. The geometry of oxide 
sample in this experiment was a thin parallel- 
faced crystal wafer. The thin crystal wafers 
were cleaved from a crystal boule along a 
(100) cleavage plane. The cleaved crystal 
wafers were ground to uniform thickness of 
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Table I. Spectro^raphic analysis of impurities in the CoO 

crystals 


Eiements 

C one. 
Senes 1 

in 

Senes 1 1 

Elements 

Cone 
Series 1 

in wl.% 

Series II 

Ag 

<0-()01 

<0 001 

Na 

<001 

<001 

AI 

Tiiice? 

(Dopant) 

Ni 

<()-08 

<006 

B 

<.001 

<0-01 

Si 

FT. 

<0-01 

Bi 

<0 001 

<0001 

Sn 

<0*00.^ 

<0-01 

Fc 

Irate 

<001 

Ti 

<001 

<001 

K 

<0I).S 

< 00 .s 

7.r 

<0-01 

<0-02 

\a 

<0()0I 

(Dopant) 




Mn 

I race 

Trace 





about 400-700 pm and both surfaces were 
finished with a 0*5 /am diamond paste. For 
each diffusion run the total surface area of the 
solid sample was about 5 cm^. 

The solution of Pick's equation for diffusion 
of a tracer into a thin wafer of thicknes.s 2/, 
with (he assumption of an instantaneous 
phase-boundary reaction is given by Crank [7]. 




- exp 



(I) 


where Ci and Co are (he initial concentrations 
of O- 1 8 in the gas phase and in the solid phase 
respectively, C, is the concentration of 0-18 
in the gas phase at time C a is the ratio of 
the number of gram-atoms of oxygen in the 
gas phase to that in the solid, and D is the 
diffusion coefficient in the solid. Equation (I) 
is not an exact solution but is a good approxi- 
mation when {DtlFa-y- is less than 0-3. 
(The largest value used in this study was 
about ()-15). Because of the nature of equation 
(I), the diffusion coefficient was obtained 
numerically. The quantity {Ct~CJlC\ — CJ 
was obtained by mass-spectrometric analysis 
of the concentrations of 0-18 in the gas phase 
at the diffusion annealing time t = 0 and after 
a certain time interval, r. With the experi- 
mentally obtained value of (C/-Co)/(C,-C„) 
and the value of a calculated from the initial 
condition, {Dtfpy^^ was obtained graphically. 
The diffusion doefficient was evaluated from 
the slope of a linear plot of {/)//P ) vs. ( t ) 


The 0-18 enrichment in the oxygen gas 
was between 12 and 17 per cent. The volume 
of the water-cooled Vycor exchange vessel 
was 335 cc. In all cases, the crystal samples 
were initially equilibrated with natural oxygen 
gas at the same temperature and pressure as 
were used for the exchange annealing. At the 
start of isotopic exchange, the crystals were 
first heated in 0-18 enriched gas to about 
950T for a period of 10 min to ensure that 
the crystal surface was initially saturated with 
0-18. The 0-18 concentration in the gas 
phase at this point was taken as the initial 
concentration G at / = 0. The mole fraction 
of 0-18 was calculated from the peak height 
of masses 32, 33, 34, 35, and 36 determined 
with a Consolidated Electrodynamics Model 
2 1 -620 mass spectrometer. 

3. RE.Slii;rS AND DISCUSSIONS 
The decrease in 0-18 concentration in the 
gas phase as a function of annealing time is 
shown in Fig. !. Included in Fig. I, is a plot 
of the change in the background when the 
susceptor assembly was heated to 1215T 
without presence of the oxide crystal sample 
in the system. The change in the background 
was within the experimental error. Figure 2 
shows typical plots of the experimental points 
plotted as (D///^)*'^ vs. All plots indicate 
a linear relation between and (/)‘^^ 

and the straight line is extrapolated to the 
origin, Edwards et u/.[8], have shown that 
such a plot should show a curvature or, if a 
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Pig. I . Change in 0-18 concentration in the gas phase as 
a Function of exchange annealing lime 



Fig 2 Typical plots of a non-dimensional parametei, 
( 0 ''^ 


curvature is loo small to he distinguishable 
from a straight line, the extrapolation of a 
straight line should be offset from the origin 
if the rate of the exchange process is limited 
by the gas/solid phase boundary reaction. 
Therefore, it is reasonable to assume that 
oxygen diffusion in the oxide crystal is the rale 
determining process in the isotopic exchange 
in this experiment and the diffusion co- 
efficient can be calculated with equation ( I ). 


{A) Undoped oxide 

The diffusion coefficients have been deter- 
mined for undoped CoO crystals (from series 
1) at a constant oxygen pressure in the tern* 
perature range 1 175°-I560°C. The results are 
plotted as log D vs. I/T in Fig. 3. A least 
squares fit of the data to the Arrhenius 
Equation gives 

D = 50exp[' (95,0(K)±5000)//?7] cmVsec. 

( 2 ) 

The data previously measured by Thompson 
[9] at the lower temperatures is also included 
in Fig. 3. The reason for the obvious discrep- 
ancy between Thompson's result and the 
present result is not certain. Since a mullite 
tube was used as an isotopic exchange vessel 
in Thompson’s work, the isotopic exchange 
between the tube wail and the gas might have 
been substantial which contributed to the 
apparent higher diffusion coefficient. 

Recently, Flolt[lO] reported a study of 
oxygen diffusion m CoO by the proton activa- 


(‘ci 



Fig. 3, Temperature dependence of the oxygen diffusion 
coefficient in CoO at P,^ = 0*21 atm. plotted as logO 
vs 1/T. 
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tion technique. In this method the penetration 
of the 0-18 tracer in the oxide crystal is deter- 
mined by the nuclear reaction, 
in conjunction with autoradiography. Since 
the relative rate of the gas/solid phase bound- 
ary reaction with respect to bulk diffusion is 
immaterial in this type of analysis, more 
direct information on the oxygen diffusivity 
can be obtained if sufficiently accurate 
measurement can be made. From the only 
available penetration plot in the paper (Fig. 7 
in [I()|), one obtains D - lx 10 ^'cm^Vsec at 
140(rC and at - 0*17 atm. This result is in 
good agreement with the present results, as 
shown in Fig. 3. This agreement further 
substantiates the assumption made in the 
present analysis that the bulk diffusion is the 
rate determining process in the oxygen iso- 
topic exchange in CoO crystals at the high 
temperatures. 

Equation (2) may be compared with the 
diffusion coefficient expressed in the form of 
the transition-slate theory of Eyring[l 1], i.e. 



Where A/V^ and are activation enthalpy 
and activation entropy respectively. R is the 
gas constant, 7 is the temperature in °K, N is 
Avogadro's number, h is Plank's constant and 
d is the elementary jump distance. Taking 
lhOO”K and d~ 3-02 A (i.e. the nearest 
neighbor distance between two oxygen ions 
in the CoO lattice), one obtains AA' - 14’4 
e.u./mole and A//^ = 9.S,()(X)cal/mole. Both 
AS’^ and AW* consist of terms associated with 
formation and migration of defects that are 
responsible for the migration of 0-18 tracer. 
From the argument of Mott and Gurney [12], 
the large value of A.S* is more consistent with 
vacancies rather interstitials as being the 
predominant defects for the oxygen diffusion. 
Empirically, O'Keeffe [13] has also pointed 
out that A5*' will be large and positive for 
oxygen diffusion in the metal oxides by va- 
cancies and, on the other hand. A5* will be 


expected to be small or a negative value by 
interstitials. 

Attempts have been made to study the 
influence of oxygen pressure on the diffusion 
with 0-18 enriched oxygen gas as well as 
0-18 enriched CO-CO 2 gas mixtures. In the 
case of CO-CO 2 gas mixtures, it was difficult 
to maintain a constant CO/CO 2 ratio in the 
closed gas-phase throughout the course of the 
exchange anneal. Therefore, the results have 
been inconclusive. 

{B) Doped oxides 

The defect equilibrium in the oxide can be 
influenced by the incorporation of oxides of 
uni- and irivalent cations. 1 hus, substitution 
of Li^ for Co“'^ diminishes cation vacancies 
while AT’* increases their concentration. By 
virtue of the Shottky product relation, the 
defects in the anion sublattice may also be 
influenced in the following manner. For un- 
doped CoO, the simple reactions, among 
other possibilities, may be 

(l~'^)CoO + (5) 

where Oir is an oxygen ion in the anion 
lattice site, and V;, are a singly-ionized 
cobalt ion vacancy and a singly-ionized 
oxygen ion vacancy respectively, and e* is a 
positive hole which may be associated to 
Co-^ Applying the law of mass action to 
reactions (4) and {5} and with the neutrality 
condition, [e^] - L^co]^ one obtains the 
concentration of oxygen ion vacancy, 
[F,T in the undoped oxide, 

= ( 6 ) 

where K 4 and are equilibrium constant for 
reactions (4) and (5) respectively, and is 
the equilibrium partial pressure of oxygen. 

Incorporation of univalent Li^ or Irivalent 
Al*’'^ in CoO can be considered to take place 
by the substitution of the cobalt ions in the 
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lattice by the dopant ions thereby creating 
negatively charged (Li^^) or positive charged 
(Alcu) centers relative to the lattice. Assum- 
ing ail the dopants are ionized at the high 
temperatures, the following approximation 
for the neutrality condition has to be con- 
sidered in the doped oxides; 

+ (7) 

for the Li-doped oxide, and 



M + [Alc„]=K„] (8) 

for the Al-doped oxide. From reactions (4) 
and (5), and equation (7) or (8) one obtains 
the concentrations of oxygen vacancies, 


and 


in the Li-doped oxide and Al-doped oxide, 
respectively. The experimentally observed 
dependence of the oxygen diffusion coefficient 
on dopant concentration, at a constant tem- 
perature and at a constant oxygen partial 
pressure, is shown in Fig. 4. The oxide 
crystals from series 11 were used to determine 
the diffusion coefficients shown in Fig. 4. 
The apparent small discrepancy between the 
diffusion coefficients of the undoped crystals 
obtained from series 1 (see Fig. 3) and from 
series |] (see Fig. 4) was probably due to the 
difference in impurity level in the two series 
of crystals. Since more chemical processes 
were involved in the preparation of the start- 
ing material for growing the series II crystals, 
one may expect higher multivalent impurities 
in these crystals. The broken-line in Fig. 4 
shows the concentration of oxygen vacancies, 
in the unit of mole fraction, calculated from 
expressions [9J and [10], The fitting parameter 
was found to be 6 X KF'* mole 


Fig. 4. Dependence of the oxygen diffusion coefficieni in 
CoOiO) on the dopant concentration at = 0-21 aim 
and ai 1428“C. The broken line indicates the concentra- 
tion of oxygen vacancies calculated from expressions 
(9) and (10). Ks is the equilibrium constant for reaction 
(.^)al 1428T. 

fraction. The reasonable agreement between 
the observed dependence of the oxygen 
diffusion coefficient and the estimated depen- 
dence of oxygen vacancy concentration on 
the concentration of dopants in Fig. 4 con- 
firms the assumption that all the dopants are 
ionized at the high temperatures and tends to 
favor the migration of oxygen ions via oxygen 
vacancies. 
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IMPURITY HALIDE DIFFUSION IN SILVER CHLORIDE 
AND SILVER BROMIDE* 

A. P. BATRA and L. SLIFKIN 

Department of Physics, University of North Carolina at Chapel Hifl, Chapel Hill, N.C. 27514, U.S.A 

{Rcc<^ivcd^ Dewmber 1968) 

Abstract- Using the standard microtome-seclioning technique, the diffusion of bromide and iodide 
tracers in silver chloride and of chloride and iodide tracers in silver bromide has been studied. In silver 
chloride both bromide and iodide ions diffuse with the same activation energy as that of the chloride 
ion In silver bromide the Arrhenius plots are curved: whereas the iodide ion has the same tempera- 
ture-dependent activation energy as does bromide, the chloride ion appears to have a rather higher 
value at high temperatures, with all three energies approaching the same value at low lempeatures 
These results are discussed in terms of vacancy mechanisms. 


INTRODUCTION 

The diffusion of a variety of cationic im- 
purities in silver halides has recently been 
reviewed [1, 2]. Very little attention, however, 
has so far been given to the diffusion of anionic 
impurities. In silver halides, the dominant 
equilibrium disorder is of the cation Frenkel 
type; that is, interstitial silver, ions and silver 
ion vacancies. There is no evidence for the 
presence of anion Frenkel disorder, presum- 
ably because of the large energy required to 
form an interstitial halide ion; however, the 
existence of a relatively small degree of 
Schotlky disorder, silver ion and halide 
vacancies, has been inferred from experiments 
on ionic conductivity!}, I], self-diffusion of 
halide [4-7], and dislocation climb [8 J. 
Touchaux and Simmons[9], by comparing the 
thermal expansion of the lattice parameter 
with that of the bulk crystal, have estimated an 
upper limit of 9x10 -'^ for the fractional 
Schottky defect concentration at the melting 
point of silver chloride, and a lower limit of 
l*45eV for the formation energy. Layer, 
Miller and Slifkin(3, IJ observed an enhance- 
ment in the ionic conductivity after quenching 
very pure silver chloride crystals from near 


^Supported by the U.S. Atomic Energy Commission 
(Contract AT-(40-l)-2036). 


the melting point, from which may be deduced 
a quenched-in concentration of about lO'L 

The self-diffusion of chloride ion in silver 
chloride was measured by Compton and 
Maurer[4], and by Reade and Martin[5]. In 
addition, Lakatos and Lieserl61 have extended 
the data down to 150°C and have observed a 
rather sharp break at about 300°C in the 
Arrhenius plot. For bromide ion diffusion in 
pure silver bromide, Tannhauser[7] also 
obtained a non-linear Arrhenius plot, which 
appears to show a continuous curvature. In 
addition, he found that doping with cadmium, 
which should decrease the concentration of 
halide vacancies, did indeed cause a depres- 
sion of the bromide diffusion coefficient. 
Tannhauser suggested that the diffusion 
proceeds by both single vacancies and by 
cation-anion vacancy pairs. Furthermore, the 
large activation volume observed by him 
lends support to this view. 

In the alkali halides, which have predomin- 
antly Schottky defects, the halide impurity 
tracers|10] have been found to diffuse with 
approximately the same activation energy as 
for halide self-diffusion, but with a different 
frequency factor. With monovalent cations, 
however, Arai and Mullen (1 1] have observed 
a systematic effect of the ion size on diffusion 
by measuring the diffusivily of rubidium in 
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sodium chloride, potassium chloride and 
rubidium chloride; the activation energy pro- 
gressively decreases as the ionic radius of 
the host increases. 

It is recognized that both the effective 
charge of the diffusing ion and its relative size 
should in general influence the diffusion 
parameters. The charge effect does not exist 
for diffusion of halide (or monovalent cation) 
in alkali or silver halides. In an attempt to 
understand the effect of the ionic size on 
anion diffusion in silver halides, the difftisivi- 
ties of the bromide and iodide ions in silver 
chloride and those of the chloride and iodide 
ions in silver bromide are reported in this 
paper 

Single crystals of zone-refined silver 
bromide, kindly supplied by Dr. James E. 
L II Valle of Kairchild Space and Defense 
Systems, and of Harshaw silver chloride were 
used in this experiment. The silver bromide 
had been prepared from 99-999 per cent pure 
ASARCO silver and fractionally distilled 
Dow bromine. C onductivity measurements on 
typical samples yielded an estimate of the 
divalent impurity content of about 4 ppm for 
the silver bromide and 5 ppm for the silver 
chloride. Diffusion specimens with I cm^ 
rectangular cross sections were prepared by 
polishing on successively finer grades of 
silicon carbide paper, and finally on a polishing 
cloth soaked in 5 per cent KCN. A microtome- 
cut surface was used for diffusion, the terminal 
cuts being only one micron thick in order to 
minimize strain and surface curvature. All 
specimens were annealed at approximately 
WC below the melting point for a day or two; 
they were then cooled to room temperature at 
a rate of 10° per hour. 

The CP (specific activity i4mCi/g) and 
Br*^ (27 Ci/g) radioisotopes were obtained 
from Nuclear Science and Engineering 
Corporation, and (6 Ci/g) from New 
England Nuclear Corporation. All three 
tracers were in the form of silver halide 


dissolved in NH^OH. A solution of the 
appropriate tracer, in a quantity small enough 
*to insure thin-film geometry, was placed on 
the face of the specimen and allowed to dry. 
The specimen was placed in a vycor insert 
which was then encapsulated in a pyrex 
tube, either under a vacuum of about I0“® 
Torr. or in a helium atmosphere. The diffusion 
anneals lasted from several hours to over a 
month, during which the temperature was 
usually controlled to about ±0*5°C, Warm-up 
corrections to the duration of the anneal were 
applied wherever necessary. The encapsulated 
hot specimens were air-cooled, and then 
quenched in water. 

The sides of each specimen were polished 
through a depth of about 6(D/)''^ to eliminate 
surface diffusion effects. The specimen was 
then aligned on the microtome to within 
±2/x, by means of an optically flat mirror 
with a long optical arm. Usually fifteen to 
twenty sections through the diffusion zone 
were taken. All the above-mentioned pro- 
cedures were carried out in yellow safe-light 
for silver chloride and in red safe-light for 
silver bromide. 

The thickness of each section was deter- 
mined from its weight, l or measurement of 
the CP activity, the sections were dissolved 
in N'H^OH and then dried in a planchet to 
obtain a uniform geometry for thin window 
beta counting. The and I activities were 
counted with a scintillation detector and a 
single channel analyzer. The counting data 
were corrected for the counter dead-time, 
background, and decay, when necessary. 

RESULTS 

The thin-film solution [12] to the diffusion 
equation is given by 

cU,/) = [r„/(7rD/)’^2]exp(^jc^/4D/) (I) 

where c(x, t) is the concentration of the tracer 
atoms at a distance jc from the surface at time 
/, Cl) is the initial surface concentration and D 
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is the diffusion coefficient. The diffusion co- 
efficients were calculated from the penetration 
plots of In c vs. With few exceptions these 
plots were good Gaussians (at low tempera- 
tures, the diffusion plots of chloride ion in 
silver bromide and of bromide ion in silver 
chloride exhibited a slight downward curva- 
ture in a small region near the surface, due to 
tracer evaporation and to surface diffusion). 

The total error, random and systematic, for 
each measurement of Z> is believed to be no 
more than 5 per cent. One source of error of 
concern is the measurement of the diffusion 
temperature. The monitoring thermocouple. 


although within the furnace cavity, was 
outside the capsule and presumably did not 
record the actual temperature of the sample 
during the initial stages of heating. To check 
the accuracy of the warm-up correction, 
additional runs were made by diffusing zinc, 
a fast diffusing impurity[13], into silver 
chloride for different lengths of lime at a 
particular temperature. These tests indicated 
that for the diffusion anneal times used in the 
present work the error in determining the 
warm-up correction is not serious. 

Table 1 gives a summary of the data. Figure 
1 shows the temperature dependence of the 


Table 1 . Diffusion of halide impurities in silver chloride and silver 

bromide 


I lost crystul Diffusing ion 


Silver Brornide 

C hloride 


iodide 


Silver Chloride 

Bromide 


Iodide 


Temperature D 

(T) (cm^sec) 


449-9* 

8-84 X 10-"’ 

427-6 

3-46 X 10 

405-7 

1-41 X 10-“' 

3S4-3 

5-86 X 10-" 

369-9 

3-32 X 10 " 

350-6 

1-39X 10'" 

332-9 

5-34 X 10-‘* 

304-8 

1-28 X 10*'^ 

448-3 

1-75 X 10"“ 

421-2 

6-64 X 10'^ 

397-9 

2-.52 X 10-“' 

359-7 

5-16 X 10-" 

334-7 

]'62x 10'" 

307-5 

3-70 X 10"'* 

413-1 

7-05 X 10"’" 

412-2 

6-08 X 

402-5 

3-47 xlO-'" 

387-7 

ilOxiO-'o 

369-1 

3-40x10-" 

355-7 

1-46x10-" 

331-8 

3-97 X 10” 

320-6 

1-81 X 10-” 

305-5 

6-80 X 10-” 

415-0 

7-82 X 10'“' 

397-7 

2-81 X I0''« 

383-4 

!-l4x 10 

363-3 

3-63x10" 

344-8 

1-24 X 10" 

322-0 

3-09 X 

302-2 

9-20 X 10 " 

292-4 

5-08 X 10-'' 


*This run, at a temperature within a few degrees of the melting point, gave a 
slightly high diffusion coefficient (see Fig. 1). and is not included in the least- 
squares analysis. 
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Pig. 1 I'emperature dependence of /> tor haltde ions in 
silver chloride 

diffusion coefficienis for bromide and iodide 
tracers in silver chloride, along with the results 
on the self-dilfusion of chloride ion, by 
Compton and IVIaurcr[41 and by Lakatos and 
Lieserl6|. Least-squares fits of these data 
were made to an Arrhenius relation, /) ^ D,) 
exp {-^QIRT). The values of Q, the diffusion 
activation energy, and the frequency 
factor, are listed in Table 2. It is seen that the 
activation energies for all three halide tracers 
are the same, within experimental error. Lhe 


frequency factors vary by no more than a 
factor of two, and show no systematic pro- 
gression as a function of size or mass of the 
tracer. 

The Arrhenius plots for diffusion of chloride 
and iodide tracers in silver bromide are shown 
in Fig. 2; Tannhauser’s results[7J for self- 
diffusion of the bromide ion are included for 
comparison. These plots are all definitely 
curved over the entire temperature range 
investigated, and thus no unique Q and /)„ can 
be assigned. 



Fig. 2. Temperature dependence of 0 for halide ions in 
silver bromide, 


Table 2. Arrlicnii(.\ f)(iramcters for diffusion of halide ions in silver 

chloride 


Diffusing ton 

Q 

(kcal/mole) 

0. 

(cm^/sec) 

Reference 

Chloride 

U'O 

133 

Compton and Maurerj4] 

Chloride 




(above mX) 

36-3 

S5 


(below .WC) 

22*6 

4-4 X 10' 

Lakatos and Lieser[6| 

Bromide 

3b-h±0-2 

90 ± 14 

Present work 

Iodide 

3f>-2±l)'2 

167±21 

Present work 





IMPURITY HALIDE DIFFUSION 


J3J9 


DISCUSSION 

As is well known, the difference between 
the activation energy for impurity diffusion 
and that for self-diffusion arises from (i) the 
change in the formation energy of a vacancy, 

(ii) the change in the migration energy, and 

(iii) the temperature dependence of the cor- 
relation factor. The temperature dependence 
of the correlation factor can be neglected 
when the D’s and g’s of host and impurity 
ions are very nearly the same, as in the present 
case. Mullen’s calculations [14] for the alkali 
halides indicate that the contribution from the 
migration term would be dominant for a homo- 
valent ion larger than the host ion. Qualita- 
tively, this occurs because the barrier ions 
must be displaced to a greater extent in order 
to effect interchange with a vacancy. In the 
case of a small impurity ion, however, the 
situation might be entirely different. The host 
ions around such an impurity would normally 
be relaxed inwards and this strain would 
further increase if a vacancy happened to be at 
an adjacent site. Thus it does not seem un- 
reasonable to assume that the energy of 
formation of a vacancy next to a small 
impurity would be rather large and might 
therefore be the dominant factor in the 
activation energy difference. The results of the 
present investigation, however, do not entirely 
agree with this picture. 

Although the diffusion coefficients of both 
bromide and iodide ion in silver chloride differ 
from that of the host chloride ion, the three 
tracers are seen to have approximately the 
same activation energy (Fig. I), in spite of 
widely differing ionic radii[151 (Cl': 1-81 A; 
Br“; 1*95 A; I'': 216 A). The various contri- 
butions to the change in the activation energy 
for impurity diffusion could conceivably just 
cancel each other; this would seem to be 
improbable. An interesting model which 
could explain this constancy of activation 
energy has been suggested by Condit[161. 
One notes that for halide diffusion, the jump- 
ing ion must push through a ‘gate’ formed by 
four neighboring silver ions. Also, the 


relative ease of producing interstitial silver 
ions suggests that the plot of energy vs. silver 
ion displacement must have a metastable 
minimum at the interstitial site, with an energy 
maximum at an intermediate displacement. 
Suppose, now, that the jumping chloride ion 
displaces some of the gate ions beyond the 
value corresponding to this energy maximum; 
if this were so, then these gate ions would 
spontaneously relax further into the interstitial 
minima, thereby producing a more open gate 
at no additional cost in energy. It would then 
follow that even somewhat larger ions, such 
as bromide or iodide, could jump through such 
a gate with no greater migration energy than 
that required for the chloride ion. 

In silver bromide the Arrhenius plots are 
curved (Fig. 2). At temperatures near the 
melting point, the activation energy for the 
chloride diffusion appears to be much larger 
than for the bromide and iodide ions, but all 
three activation energies become nearly the 
same at the lower temperatures. It has been 
argued [7] that the self-diffusion of the 
bromide ion might be due to two different 
mechanisms, predominantly single bromide 
vacancies at higher temperatures and mainly 
neutral associated vacancy pairs at lower 
temperatures. The bromide and iodide tracers 
behave similarly, but the chloride ion, being 
smaller, possibly repels a vacancy at a nearest 
neighbor site; this would give rise to a higher 
activation energy at the higher temperatures 
where the diffusion is assumed to take place 
via single bromide vacancies. On the basis of 
this model, one proposes that the formation 
of the neutral vacancy pairs, on the other 
hand, is insensitive to the size of the diffusing 
ion. Admittedly, this is at best only a 
speculation. 

Although the effect of altering the size of the 
jumping ion on the frequency factor Do is 
theoretically very complicated, one can 
crudely discuss it on the basis of a simple 
Einstein model. Here D^^ is proportional to the 
frequency of vibration of (he diffusing ion, 
which varies inversely as the square root of its 
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mass. On the other hand, a farger atom would 
be coupled more strongly to its neighbors, and 
as a consequence would have a higher 
frequency of vibration. Thus these two 
factors influence Z),> in opposite directions. 
On this basis, our data seem to show that for 
the large iodide ion the stronger coupling is 
the dominant consideration. This may be 
understood from the fact that on a hard 
sphere model of both silver chloride and silver 
bromide, the halide ions do not touch one 
another; for the iodide impurity ion, however, 
in either silver chloride or silver bromide there 
is now an appreciable overlap, thereby 
increasing the local vibration frequency. 

In any event, the present experimental 
results on halide diffusion in silver halides 
certainly do show much less variation than 
might have been intuitively expected on the 
basis of simple theoretical models. 

Ac kno\i helpful assistance of Marvjn H 

Greene is gratefully acknowledged. 
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Abstract -The origin of phase transitions occuring in some mixed valence-type oxides is allnbuied 
to electronic ordering. In these transitions the ordering energy is found to be proportional to the 
activation energy of hopping conduction in low temperature phase The ordering energy is estimated 
based on the electronic ordering mechanism and by considering the energy of crystalline distortion 
The ordering energy numerically calculated for 1) |Oh agrees fairly well with the observed 


INTRODUCTION 

Some oxides of transition elements, lanthan- 
ides and actinides are called mixed valence 
type oxides, in the crystal lattice of which 
cations are in different valence states such as 
di- and tri-valent in FCaO.,. Electrical proper- 
ties of these compounds are characterized by 
relatively high conductivity (about 200 
cm~^ for Fe.-iO.! at room temperature) and low 
carrier mobility (less than one cm^V'^sec”' 
for Fe;^0, even at high temperature), and the 
conduction mechanism is explained by 
“hopping’' of electron between cations in 
different valence states. It has been found 
that order-disorder type phase transitions 
occur in many of these compounds. For 
example in the case of Fe-^O.,, a transition 
occurs at about I20°K and is attributed to 
ordering of and Fe^^ in the octahedral 
sites of spine) structure[l-3]. This phenomena 
is also expressed as ordering of electrons on 
Fe ions in octahedral sites. In the other 
compounds the origin of the phase transition 
is not known. Recently experimental data on 
the physical properties of these compounds 
have been reported actively, especially as to 
lanthanides and aclindies. In this paper a 
relationship between the electrical conduction 
and the phase transition is discussed based on 
existing data. A model of the transition 
mechanism which occurs in some mixed 
valence type oxides is also discussed. 


EXISTING DATA ON ELECTRICAL CONDUCTION 
AND PHASE TRANSITION 

In the case of oxides with hopping conduc- 
tion mechanism, electrical conductivity cr is 
described as [4] 

eD 

(r = nefjL, D = 

P=^vcxp(-WlkT) (I) 

where n is carrier concentration. D is diffusion 
coefficient, a is distance of hopping, p is 
transition probability, v is frequency of lattice 
vibration and W is activation energy of 
hopping. Consequently, a straight line should 
he obtained if log,, (a-7) is plotted vs. l/T. 
According to the small polaron theory [5]. the 
activation energy W is considered to be due to 
displacement nearest neighbor 0-“ ions 
(lattice distortion), Some examples of the 
hopping conduction mechanism are cited and 
the values of activation energy calculated 
from existing data using equation 1 1 ) are given 
below. 

Measurement of the electrical conductivity 
of Fe,.,0^ was done by Verwey ei aL\2] and 
Calhoun [6]. The conductivity changes dis- 
continuously at the phase transition point 
(about 120®K). Verwey presumed that the 
phase transition is due to ordering of elec- 
trons, and this is supported by neutron 
diffraction 17] and Mdssbauer effect [8] experi- 
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mcnt^. This ordering changes the 
structure slightly, from orthorhombic (in the 
low femperafurc phase) fo cuh/cf9J. 1 he 
transition temperature varies depending on 
the deviation from stoichiometry. Values of 
the activation energy recalculated from the 
above experimental data are listed in Table I . 
Results on the other compounds described 
below are also listed, 

Honig r/ ^//.[ 10] showed that the conduction 
mechanism in PrO^ ( !•50 < a' < I SO) is 
hopping of electrons. This is considered to be 
true of Pr,iOj]. Ihe electrical conductivity 
was measured by Noddak tV /;/.(]!]. Hyde 
et u/.|I21 reported an order-disorder phase 
transition at about 670°K. 

Aronson cl cd.[ 1.^1 showed that the conduc- 
tion is by electronic hopping in and 

U 40 i,* U,,0., is considered lo have the same 

mechanism. A \-type anomaly of specific heat 
was found in U,0-, al about 34(rK|l41. The 
transition temperature changes with deviation 
from stoichiometry [ I. ‘SJ. The conductivity 
changes discontinuously at the transition 
point as in fc^()j[l51. In our laboratory this 
transition was ascertained to be of neither 
magnetic] 16] nor ordinary dielectric originf I7j. 
Belbeoch c/ ^//.[ 18] reported that a very slight 
change occurs in the crystal structure from 
trigonal lo cubic at this point. 

The activation energy of the electrical 
conductivity in changes at about 

720°K|I9). Many authors |20-'2!>| reported a 
higher order phase transition in o-UmOh and 
the reported values of transition temperature 
range from 480"^ to 720''K. This fact is con- 
sidered 10 show that the transition tempera- 
ture varies widely according to the deviation 
from stoichiometry of U:jO«. It was reported 
that a slight change in the crystal structure 
occurs and that the symmetry changes from 
hexagonal to orthorhombic at this point [20], 

The activation energies in the high 
temperature phase, W., in the low temperature 
phase) of hopping conduction calculated from 
the data in the above reports are listed in 
Table 1. This table contains also the ordering 


j. tateno 


tr* 


energies £;.i represented by E„r6~kT, 

where T„ is the phase transition temperature. 
A plot ofAord vs. is shown in Fig. 1. From 
this we find a finear relation as 


IT, - 


( 2 ) 



fig 1. Relationship between the ordering energy ^ 
A7,r and the activation energy of hopping conduction in 
low temp, phase in some mixed valence type oxides. 


DISCnSSION 

In addition to the linear relationship 
of equation (2), these phase transitions 
have other common features; the transition 
temperature varies considerably with devia- 
tion from stoichiometry, and the transition is 
accompanied by a slight change in the crystal 
structure or symmetry. From these features 
of the phase transitions which occur in some 
mixed valence type oxides, we may conclude 
that these phase transitions have the same 
origin, and that the origins related to some 
electronic ordering, as shown in Fe;jOj. 
Anderson [26] calculated the ordering energy 
of Fe^"" and Fc'^ ion in Fe 304 based on 
difference in Madelung energy between in 
ordered and disordered phase. The calculated 
ordering energy is 2-3 eV, and this value is 
much higher than observed value, 0 01 eV 
(from Tir=120''K). He assumed that this 
phase transition is related to only long range 
order, and that short range order kept even in 
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the high temperature phase. The calculated 
value based on this assumption is still much 
higher than the observed value. 

Semiconductor*to-metal transitions and 
transitions due to the Jahn-Teller effect are 
other types of phase transitions observed in 
transition-metal oxides. Many authors (27-301 
have shown that the energy of a crystalline 
structure distortion contribute to the ordering 
energy in the phase transitions. There are also 
many examples of the erystallin distortion 
due to ordered cations in spinel structure [3 1 ]. 
In this paper we take into account the 
crystalline distortion energy in calculating the 
energy of phase transitions due to electronic 
ordering. 

A crystalline distortion due to electronic 
ordering may be treated as follows. First we 
consider a set of ions microscopically. As the 
cations arc in different valence states (Fe-^ 
and Fe‘*\ forexample), the shape of configula- 
lion of these ions is different from that of the 
ions where the cations are in same valence 
state (as l e'-’ ”) This 2 5 valent cation 
represents either the result from statistical 
randomness or the model indicated by 
Verwey, in which a electron transfers from 
cation to cation, Here we represent this 
microscopic distortion by the displacement of 
an anion. Fhe anion located between cations 
in different valence states (Fe-* and i is 
attracted by unbalanced Coulomb force, and 
it displaces to one direction (from centra! 
position to Fe^'). The degree of this dis- 
placement is possible to estimate by con- 
sidering the electrostatic energy and the 
clastic energy. An electric field f is produced 
by the cations in different valence slates. We 
consider only nearest neighbor interaction 
hereafter. The field induces polarization, 
which is composed of two parts, a pure 
electronic part and a part due to displacement 
of ion. The latter part of the polarization is 
considered to correspond to the crystalline 
distortion. The displacement of the anion is 
limited by the increasing elastic energy, which 
is proportional to the square of polarization. 


When we write the polarization due to ionic 
displacement by the internal energy 
increment per anion is expressed by 

n ~ -p/t'-f iyp- (3) 

where y is a constant. By using A/p instead of 
p, wc gel the energy increment per unit 
volume 

U = -^pE-hty(NPy^ (4) 

where /V is the number of dipoles per unit 
volume. Minimizing equation (4) with respect 
to Np iclU/f^(Np) ~0) gives the equibrium 
displacement at absolute zero temperature, 
that is, 

= (Nph = f (5) 

where suffix 0 expresses the equibrium state 
at absolute temperature 7 = 0. As the 
temperature increases, some electrons in 
ordered stale are excited to random state. 
The Coulomb interaction term in equation 
(4) must be changed, thus we get new equi- 
brium Np, which is related to the net distor- 
tion of crystal at finite temperature. That is, 

U---NpsE + iyiNp)- ( 6 ) 

where .v is order parameter. Using dUldiNp) 

~ 0, we can get the energy for the equibrium 
distortion, 


To estimate the elastic energy, one may use 
the information from the compressibility data 
and the infrared spectra. In this paper we 
adopt the latter. The Szigeti relations are 
available for a small sphere sample [32, 33]: 

= ( 8 ) 

P = e^NQ (9) 

and 


= 2j3 


( 10 ) 
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where P is infrared polarization, N is the 
number of dipoles per unit volume, Mr„, is 
the reduced mass of ion pair, C? is the dis- 
placement of an ion, e* is the effective ionic 
charge defined by Szigeti, and /3 is Ihe force 
constant, ojjs the small sphere eigenfrequency 
defined as 


Q>(i — 






( 11 ) 


where wni is the transverse eigenfrequency of 
lattice vibration, €o is the sialic dielectric 
constant, and n is the refractive index. Here 
we note that, in equations (3-7), we treat the 
interaction between one dipole p and the 
microscopic field E, we consider the resultant 
distortion instead of the resultant polarization. 
On the other hand, in equations (8-10), the 
resultant polarization, P, interacts with the 
external field in a small sphere sample, where 
the electric field is corrected due to the self 
field[32j. In spite of the difference in these 
treatment, we consider that the data of 
infrared spectra is useful to estimate the force 
constant between cation and anion and to 
estimate the elastic term in equation ( 6 ). 
from equations ( 8 - 10 ) we get 




( 12 ) 


Substituting this in equation (7), we get 


U = -(c*Esy^NI4li. 


(13) 


In equation (13), e*E expresses the Coulomb 
interaction between an anion and ordered 
cations. Then is the effective charge of an 
anion. ]f we define as the effective charge 
difference between cations in different valence 
state, and if we take into account only nearest 
neighbor interactions, we can write 


£=e^/r^ (14) 

where r is the distance between cation and 


anion. Substituting equation (14) in (13), we 
obtain 


U = (15) 

From this expression for internal energy, 
we can estimate the transition temperature 
according to the Bragg-Williams approxima- 
tion. Neglecting the volume change, we may 
use the following relations: 


F=U- TS 

( 16 ) 

1 

11 

(17) 

S = k\oglV 

(18) 


and 

N(a)\N(Q)\ 

ij/ = ^ 1 ) 9 ) 

yV(^a)!/V(B/3)!/V(^^)!N(B^)! 

where F is the free energy associated with 
electronic ordering, S is the entropy, N(a} 
and A^{j 3 ) are the number of cations in the 
valence stales of a -f and p + respectively 
(if we put /V(a) = AT/?) = then the total 
number of cations is 2A^'). and NiAa) etc. 
express the number of a-valent cations on 
sublattice A etc. Minimizing F with respect 
to the order parameter, .v, gives 


VS' 

s — Vdnh-pp 


( 20 ) 


and thus 


v=-k7\r. ( 21 ) 


From definition of the ordering energy 
£',,rd == r’- Since the number of ion pairs in 
equation ( 8 ) is equal to 2N' in equation (17), 
we obtain from equations (15), (17) and ( 21 ) 


In the case of U 4 O 9 , the observed value for 
the ordering energy is 0 029 eV. If we assume 
that the characteristic properties of the 
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lattice vibrations in \J 4 Ou are not so different 
from those of UO-j, wc can use the values of 
the effective charge and the force constant of 
UO 2 reported by Axe et aH34] in order to 
calculate the equation (22) for U 4 O 4 . They 
found from i.r. reflectivity experiments that 
the effective charge of an oxygen ion, e*, was 
where c is the charge of electron, and 
that the force constant, was 23 x lO’dyn/ 
cm. The effective charge difference between 
U**' and should be 0 -.S 8 £\ for the distance 
between cation and anion in U 4 O 9 we adopt 
r = 2-35 X 10"^ cmf35]. Numerical calculation 
of equation (19) for U_,0,> using these values 
gives the ordering energy ^ u 

value which agrees fairly well with observed. 
It is difficult to discuss the relation expressed 
by equation ( 2 ) quantitatively in the present 
slate. 

SI MMARV AM) CONtMiSION 

1. In some mixed valence type oxides, 
phase transitions occur, which have common 
features, such as changes in electrical proper- 
ties and crystal symmetry at the transition 
point, and variation of transition temperature 
with deviation from stoichiometry. 

2. These phase transitions appear to have 
the same origin, electronic ordering. 

3. There is an apparent linear relationship 
between the activation energy for hopping 
conduction in the low temperature phase and 
the ordering energy of the phase transition, 

4. The ordering energy can he expressed in 
the terms of the effective charges of the ions 
and the force constants of the lattice. 

Avi\n{}wlv(iui'fyn‘nt,\ would like to thank ProfesNor 
Keiji Najto and Mr Tamotsu Ishn for many useful 
discussions 
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Abstract- Both Ihe electrical conductivity and phase separation by replication electron microscopy 
of the vitreous K 2 G-Sit), solids from 10-43 3 mole% K^O are investigiitcd Inflexions in the activa- 
tion energy of conduction vs. composition are observed around 33. 20 and i I mole 9< K^O. The 
activation energy of conduction is derived from the experimental electrical conductivities obtained m 
the temperature range, 7()“-300T for all compositions excepting 10-15 mole % K.O, for which the 
temperalure range was (0()®-300T. The observed inflexions in the resistivity and its temperature 
dependence around 33 and 20 mole % KjO compositions seem to be related to the occurrence of phase 
separation in the potash-silica glasses of !5-43’3 mole 7( K.O. ’I he irfflcxion around 1 1 mole9f KT3 
IS probably related to a large change in the sti ucturc of the silica network upto about this composition. 


L INTRODUCTION 

Experimental investigations of ionic con- 
duction in alkali silicate, Li^^O-BiOu-SiO:: 
and NaoO-B.jO.j-SiO, glasses [1-5] generally 
show kinks in the activation energy of 
electrical conduction and conductance vs. 
the composition of Ihe glass. According to the 
current models of ionic conduction[4.6, 7], 
these inflexions are either attributed to changes 
with composition in the glass structure or are 
accounted for on the basis of compound 
formation or phase separation. There is evi- 
dence of phase separation in the Na.O-SiOj 
[4,8], Li.,0-SiO,[4], PbO-B,0;i[9] and some 
binary and ternary alkali silicate glasses [10]. 
On the other hand, changes in the ESR spectra 
of alkali borate glasses[ll] at about 30 mole 
% alkali oxide have been ascribed to changes, 
principally, in the environment of the boron 
nucleus. In the CsoO-SiO^ glasses, the acti- 
vation energy for electrical conduction and the 
NMR chemical shift of show inflexions 
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at about the same composition (i.e. 25 mole 
% Cs.j()). The break in activation energy 
has been assigned to changes in the environ- 
ment of the caesium ion[5]. Levenihal and 
Bray[12] examined the NMR chemical 
shift of in compounds and glasses of 
PbO-SiO;; and PbO-B.,Oj. Although the 
model of a random network of structural 
groupings, characterizing the crystalline 
compounds, is consistent with their observa- 
tions on the PbO-SiO:» glasses, it is not yet 
established. For the PbO-B^O.! glasses, their 
model is much less satisfactory when tested 
against the NMR chemical shift of the B*' 
nucleus. 

For the alkali silicate glasses, in particular, 
the break is found at 33 mole % LioO in the 
Fi.O-SiO. glasses[3], although in one study 
of Li 20 -Si 0.2 glasses a break is reported at 
about 15 mole % Li20[4]. In the NaT)- 
SiO,,[l,3] and K.,0-SiO.J3, 13] glasses, 
the activation energy shows kinks around 
22 mole % metal oxide, yet only the potash 
glasses exhibit a corresponding change in 
the electrical conductivity. At 33 mole % 

17 
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Na,0 in the Na:>0-Si0. glasses there is, 
apparentJy, no change in the activation energy 
but a kink is observed in the e/ectricai 
conductance, However, Mazurin and Bori- 
sovskii[2] observed an inflexion in electrical 
conductance vs. composition at 33 mole % 
KjO in the K_,0“vSi0v glasses but not at 22 
mole % KjO. In the Cs^O-SiO^ glasses [5] a 
break is reported in the activation energy of 
conduction vs. composition at 25 mole % 
CsgO. Moreover, for glasses containing 
Cs^O > 25 mole the electrical conduc- 
tivity tends to decrease and the activation 
energy increases with increasing CsoO, 
whereas for the other alkali silicate glasses, 
the electrical conductivity generally increases 
and the activation energy decreases with 
increasing alkali oxide. 

The alleged breaks in the LioO-SiO., 
and Na.jO-SiO^ glasses can be attributed 
to phase separation, experimentally observed 
by electron microscopy [4, 8]. However, 
the replication electron microscopy of etched 
sample surfaces of a 7*5 mole % K..O“Si(X 
glass was inconclusive about liquid-liquid 
immiscibility in the K_,0'Si(T> glassesl41. 

('ahn and C harles! 141 have ana!y/ed ther- 
modynamically the question of nielastable 
immiscibility in the alkali silicate glasses 
and conclude that metastable immiscibility 


in the K, 0 -Si 02 glasses, although theoret- 
ically feasible, is unlikely to occur because 
of the possible towering of the critical tempera- 
ture. Recently, Moriya et tf/.flO], based on a 
correlation between the heats of formation of 
metasilicates and the ionic potentials, sug- 
gested a consolute temperature of about 
750T for the KoO-SiO» system. If the 
suggested consolute temperature is correct, 
it is indeed surprising that no immiscibility 
has been observed in the K^O-SiO,, glasses. 
To examine the controversial data on elec- 
trical conduction in the potash-silica glasses 
and to understand the reasons for the alleged 
breaks in the activation energy for conduction 
vs. composition, a study of electrical conduc- 
tion and electron microscopic examination 
of glasses in the K^O-SiO^ system was under- 
taken. The results of this study are reported 
here. 

2. EXPERIMENTAt, PROCEDURE 

2. 1 Sample preparution 

Polas^jum sihcaie glasses in batches of 50- 1 00 g 
were prepared from anhydrous potassium carbonate 
and 'pine' silica powder prebaked at IOOO°C for 8-10 
hr Table 1 shows the analyses of SiO., and K.CO,. 
Stoichiometric amounts of silica and anhydrous K 2 CO,, 
further dried at ahuul 100°C, were mixed for several 
hours m a mixer The mixture, contained m a platinum 
crucible, w'as slowly healed lo and held al about 900“C 
for about 2 hr in an iilmosphere of dry 4:1 argon and 


Icihlc I . Analyses ofSiO^ and K 2 CO;^ 


Spcclrographic analysis ofSiO, Analysis of anhydrous K,rO_, 

(Asovidesot the elements) (9?) 


Si 

Pnncipaj const ilucnt 

As 

OOOOt) 

Mg 


he 

OOOOl 

be 

0 mi40? 

Pb 

0 0002 

A1 

0 mr, 

Na 

0020 

(u 

< iunm 

Insolubles 

0 002 

(a 

0 0005^’^ 

N 

0 0005 



P(\ 

00005 



SO, 

0 003 



NH,OH ppt 

0001 



Ca and Mg ppt 

0(K)03 



SiO, 

0003 



Loss on Healing (285T) 

0*400 
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oxygen. The temperature was then slowly raised to at 
least 2(KfC above the liquidus temperature of the glass. 
The melt was held at this temperature for 18-20 hr and 
then cooled in air. Each glass was further homogenized 
by remelting the crushed glass. In all cases, the glass 
was clear and bubble free. The composition of the various 
glasse.s, shown in Table 2, was determined from: (i) loss 
in weight of glass, assuming that in all cases the entire 
weight loss could be attributed to loss of K 2 O; and (ii) 
wet chemical analysis of typical glasses. 

Specimens for conductivity measurements were ob- 
tained by remelting the glass in a mixture of dry 4:1 
argon and oxygen for 3-4 hr in 1-5 cm dia. x 1'5 mm deep 
platinum cups at about 200°C above the liquidus tempera- 
ture. All samples were cooled at a rate of about I^T/min. 
On visual examination under reflected or transmitted 
light all specimens were apparently homogeneous. To 
obtain samples with uniform thickness and flat surfaces, 
specimens were polished on both sides first on silicon 
carbide paper and then lapped on a lap machine. The 
polished specimen was washed with acetone and dried 
at about 120T in a continuously evacuated quartz tube. 
Both surfaces of the specimen were then coated by 
Dupont liquid bright platinum paint and fired for a couple 
of minutes at suitable temperatures to obtain a conductive 
coating. Compositions in excess of 43-3 mole % KjO 
could not be investigated because of (i) generally increased 
hygroscopicity of these compositions and tii) the difficul- 
ties with the maintenance of the cor luciive coaling 

2.2 Electrical conductivity measurement 

The experimental arrangement, used to measure elec- 
trical conductivity, is shown m Fig* 1. The platinum 
coaled specimen was set upon a platinum foil electrode 
supported on a sintered, polished alumina disc, affixed 
to a i in dia, alumina lube. An inverted alumina crucible, 
with the inner bottom lined with the second platinum 
foil electrode, was kept at the specimen top. Lead wire 
connections were spot-welded to the platinum foil 
electrodes. To keep the specimen in position and ensure 
good electrical contact, a slight pressure was exerted 
on the crucible. Two chromeJ-alumel thermocouples, 
one on each side of the specimen, were used to measure 
(he temperature of the sample. A resistance furnace 
conirolled within ±0-5°C' at temperatures near 500T 
and having a constant temperature zone of more than 1 
in. Was used, D.C. conductance was measured in an 
atmosphere of dry oxygen and argon, 1 :4 at V/ 

cm in the temperature range 70M00T. save lOOMOOT 
for glasses with Ki.0 « 15 mole % since these glasses 
had too low a conductivity to be measured precisely 
below 1(X)X. A General Radio, Model 1 608 -A, impedance 
bridge was used with an accuracy of 01%±0 0059^ of 
full scale in the lowest range and 0‘2%±0 005% of full 
scale m the highest range, The desired voltage was set by 
use of a high impedance d.c. voltmeter, (’onduclivity. 
cr, or resistivity.p, was calculated by Ohm's law. 

Before making amductivity measurements, specimens 
were annealed at 425T for about 36 hr. Some specimens 
were annealed at 425“C for 200 hr. As shown by a typical 
case m Fig. 2, no appreciable difference in elccincal 
conductance due to the prolonged annealing (e.g. 200 hr) 



Fig. 1 Experimental arrangement for conductivity 
measurements. 


was noticed The above annealing schedule was adequate 
for each composition since practically a steady state 
value of conductivity was thus achieved. Moreover, the 
annealing temperature Qf425T is well below the suggested 
critical lemperatureflO] for metaslable immiscibility. 
rhe conductivity of the samples was measured on cooling 
as well as heating m steps of about 20*C. The specimen 
was held at each temperature for a sufliaenlly long time 
{= 30 min.) to achieve steady state values of conductivity, 
In no case did the experimental data obtained on cooling 
and heating differ significantly; compare Fig. 2. 

Measurements were made on a typical glass using 
specimens of varied volume/surface ratio. In the tempera- 
ture range of this study, conductivity was not influenced 
by varying the volume/surface ratio by about 5. For 
specimens of repeat melts the variations in electrical 
conductance at any temperature and the activation 
energy were, respectively, less than 59^ and ±100 cal/g. 
mole. 


2 . 3 Electron m u rns cop v of the K,.0- S lO , 

Glass specimens, used for conductivity measurements, 
were fractured, examined under natural light and then 
replicated to observe the fractured surfaces. Undei 
normal daylight, glass samples with KjO in excess of 
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Ttg 2 ( t,)ndLictivily reciprocal temperaUiiC al 

different annealing times and on healing and cooling 

32'5 mole % appeared very siighlly light bluish (haidly 
perceptible), presumably due to the presence of the second 
phase All other specimens appealed completely clear and 
transparent. 

Next, the ftaciuicd surfaces were etched m 1:1 Hf 
Tot a few seconds and replicated again. The rephealing 
procedure consisted i>f (>) softening the cellulose tape 
w-ith acetone and applying it to the sample, (li) allowing 
the tape to dry and gently removing it from the specimen, 
(ill) shadowing the tape at an angle of 45“ with Pt-Pd 
alloy followed by carbon, and (iv) dissolving the primary 
cellulose replica in warm acetone leaving only the carbon 
replica attached to the alloy film. I'he electron micro' 
graphs of the fractured surfaces are not presented since 
either no or only very fine scale structures, having no 
correlation with the gross structures of the etched speci- 
mens, were observed. The significance of this observation 
IS considered later. Typical electron micrographs of 
etched surfaces of the various glasses are shown in Figs. 
3ltwj 

3. RESILTS AND DISCUSSION 
The theory of electrical conduction in 
single phase alkali silicate glasses has been 
discussed by Stevels[15] in terms of the mobi- 
lity of alkali ions between adjacent interstices 
in the glass network. For moderate field 


strengths lO-W/cm) the resistivity, p, is 
given by equation (1). 

logp = logp„+A//*/2*3/?7 = /t + fi/r (!) 

where A ~ logpo “ log [2h exp {-^S'^IR)I 
e'^K'^n]: fi = A//*/2*3/?; and h. T, n, 
R. and AS* are, respectively, the 

Planck's constant, absolute temperature, 
charge of the mobile ion, jump distance, 
number of ions/cc, gas constant and the acti- 
vation energy and entropy for electrical 
conduction. 

The parameters, po and A//*, obtained by a 
least squares fit of the experimental data to 
equation ( 1 ), are shown in Table 2. 

In a single phase system, a change in A//* 
is generally attributed to either a change 
in the mechanism of conduction or in structure, 
or both. If however, a dispersed phase is 
present in a glassy matrix, both the conduc- 
tivity and its temperature dependence would 
depend on the volume fraction, electrical 
properties, and distribution of the dispersed 
phase; e.g. whether the second phase is 
continuous or discontinuous. 

Figure 4 shows a plot of A = logp^ vs. log 
M, where M is the concentration of ions 



Fig. 4. Plot of/4 vs. logniM. 






Fig. 3(a). Electron micrograph of a repli- 
cated etched surface of a K 20 -Si 02 glass 
(10 mole % K 2 O). Magnification 21,000. 


Fig. 3(b). Electron micrograph of a repli- 
cated etched surface of a KaO-SiOa glass 
(1 125 mole K 2 O). Magnification 2 1,000. 


V 


L’- 


Fig. 3(c). Electron micrograph of a repli- 
cated etched surface of a K 20 -SiOa glass 
(12*5 mole % K 2 O). Magnification 21,000. 



Fig. 3fd). Electron micrograph of a repli- 
cated etched surface of a K 20 -Si 02 glass 
(13*75 mole % K 2 O). Magnification 21,000. 


[Facing page 1330.] 




Fig. }(e). Electron micrograph of a rcpii- Fig, ,1(1). Electron micrograph of a repli- 
cated etched surface of a K^O-SiOj glass i;ated etched surface of a K^O-SiOa glass 

(IS Omolc K,0). Magnification 21,000. (17-5 mole K.,0). Magnification 21,000, 



Fig. 3(g). Electron micrograph of a repli- 
cated etched surface of a KaO-SiOa glass 
(20 mole % K^O). Magnification 21,000. 


Fig. 3(h). Electron micrograph of a repli- 
cated etched surface of a K.. 20 -Si 02 glass 
(22-5 mole % K 2 O). Magnification 21,000, 



Fig. 3(i). Electron micrograph of a repli- Fig. 3(j). Electron micrograph of a repli- 
cated etched surface of a KaO-SiOz glass cated etched surface of a KzO-SiOz glass 

(25 mole % K^O). Magnification 21,000. (27-5 mole X K-^O). Magnification 21,000. 



Fig. 3(k). Electron micrograph of a repli- 
cated etched surface of a KgO-^SiOa glass 
(30 mole % KgO). Magnification 21,000, 


Fig. 3(1). Electron micrograph of a repli- 
cated etched surface of a KaO-SiOg glass 
(32*5 mole KgO). Magnification 24,500. 


m 
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Table 2. Composition and electrical resistivity o/K^O-SiOg 
glasses 


Batch 

composition 
mole% KjO 

Mo\c%K^O Mole%K,0 

from from X 10* 

weight loss chem. analy. (fl cm) 

Activahon 
energy 
(kcal/g mole) 

1000 

9-88 

9-94 

l-66±0-24 

22-68+ -087 

n-25 

11-07 


3-42±0-38 

21-67 + -056 

12-50 

12-03 

12-25 

2-77 ±0-3 

21 -25 + -063 

13-75 

13-47 


3-77i0-38 

20-85+ 054 

15-00 

14-80 

14-50 

1-76±018 

20-81 ±-063 

17-53 

17-.53 


1-31+0-16 

19-75+ 059 

20-00 

19-73 


2-43 ±0-26 

18-59+060 

22-50 

22-38 

22-90 

2-09 + 0-31 

17-58+ 094 

25-00 

24-95 


l-72±0-2 

17- 13 ±057 

27-50 

27-36 


1-59 + 0-16 

16-66+ 053 

30 00 

2984 

29-74 

1-13±0'12 

16-14+053 

32-50 

32-39 


0-89±013 

15-71 + -093 

35-00 

34-77 

34-80 

1-96 + 0-27 

15-06±081 

37-50 

37-33 

37-33 

103±0-12 

15-33+ 056 

40-00 

39-96 

39-76 

1-28 + 0-17 

15-49+ -067 

41-34 

41-26 

41-29 

l-59±0-16 

15-68 + 044 

43-30 

43-29 

42-72 

l-32±0-16 

15-62 ±-060 


in g atom/cc. A straight line: A = — logioM 
-3-5 fils the experimental data and is in good 
agreement with Myuiler’s[16] equation; 
A - - logioA/ - where = 3 •? ± 1 was 
deduced from a semi-theoretical expression 
for ion mobility. MyulJer’s expression is 
compatible with the conductivity data for a 
wide variety of simple alkali silicates, borates 
and borosilicates. Since a constant value of 
P,. implies a constant A5*, the change in the 
activation energy for electrical conduction 
dominates the variation in resistivity and the 
conduction mechanism in these glasses is 
essentially the same. These observations are 
consistent with the results of Owen and 
Douglas [17] who reported a linear relation 
between log p and the activation energy for 
d.c. conduction in a very wide range of com- 
position of other alkali glasses. 

Since most of the current in the potash- 
silica glasses is carried by the ions, 
the activation energy of conduction in these 
glasses may, therefore, determine at a specific 
temperature the number of mobile ions 
and the extent to which the local structure 


impedes their migration. A change in the 
activation energy with glass composition 
must then indicate a change in the concentra- 
tion as well as the environment of the mobile 
ions, including, of course, an effect of any 
phase separation that may possibly occur in 
glass. 

The experimental activation energy, AH*, 
is plotted vs. mole % K^O in Fig. 5. The 
activation energy for transport of the 
ions in pure silica is taken from the work of 
Verhoogen[l8] on trace diffusion of into 
fused silica in an electrical potential gradient. 
Figure 5 shows inflexions in the activation 
energy around compositions 33, 20 and 11 
mole % KoO. Moreover, for glasses with K 2 O 
above 33 mole %, the activation energy lends 
to increase slightly, with an accompanying 
increase in resistivity. The kinks around 33 
and 20 mole % also appear to be present in 
the plot of log p vs. composition. Fig. 6. By 
comparison, the electrical conductivity data 
of Kuznetsov and Meljnikova[]3j for potash- 
silica glasses from 18-38 mole % K 2 O 
suggest a break around 22 mole % KoO in 
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both the activation energy and log p vs. 
composition. Since beyond 32 mole % K 2 O 
data were obtained only on 37 and 38 mole % 
K^jO glasses, the inflexion around 33 mole% 
K^O may not have been observed. However, 
the resistivity data of Mazurin and Borisov- 
skiil2] on potash glasses from 15 to 40 mole % 
K 2 O at two different temperatures show a 
break in resistivity around 33 mole %. 

However, with some effort it is possible to 
draw continuous curves through the experi- 
mental data of Figs. 5 and 6, at least in the 1 1- 
33 mole % K^O range. In this sense, the 
inflexion around 20 mole % K.)0 is somewhat 
ambiguous although such a discontinuity in 
slope occurs in all curves obtained by drawing 
the best lines through a maximum number of 
points. In fad, if one relies on the accuracy 
of the present resistivity data it seems that 
drawinga continuous curve through the experi- 
mental points is more a result of an implicit 
presumption (hat the resistivity in the potash 
silica system varies only continuously with 
KoO. Since in cases where the resistivity 
change is gradual a relatively large change in 
slope of a continuous curve (as is certainly 
the case around 20 mole % K^O in the present 
measurements) is indicative of the discon- 
tinuity, it is more realistic to draw the best 
lines through a maximum number of points. 
Also, in view of the electron microscopic 
evidence of phase separation and the discus- 
sion presented later, inflexions around 33, 
20 and 1 1 mole % K 2 C) appear reasonable. 

Two-liquid immiscibilily may occur stably 
(above the liquidus) or melastably (below the 
iiquidus). When phase separation occurs 
either by spinodal decomposition or by nuclea- 
tion and growth, one of the phases inevitably 
moves in composition closer to compound 
limits if compounds occur in a binary system. 
In addition to compounds similar to those in 
the systems Li., 0 -Si 02 and Na^O-SiOi, 
a compound K20.4Si02 is formed in the 
K^O-SiOy system. The formation of this 
compound may reduce the range of possible 
liquid-liquid metastable immiscibilily. Accord- 
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ing to Rey[19] the range of positive deviation 
from ideality, wherein immiscibiJity may 
result, extends to about 10 mole % KgO, 
but on the basis of liquid immiscibility 
observed for lithia and soda silica glasses 
[4J, potash silica glasses containing 7‘5 or 
1 5 mole % K^O are expected to be more prone 
to phase separation. Contrary to this, Charles 
[4] observed that the dielectric loss in the 
K20-Si02 glasses is quite appreciable and 
increases to a maximum value towards the 
30 mole % K2O glass, which may suggest 
the presence of a submicroscopic segre- 
gation or phase separation in this glass. More- 
over, the recent estimate of the critical 
temperature (750®C) for liquid-liquid immis- 
cibility in the K20-Si02 glasses [10] makes 
phase separation quite probable in these 
glasses. 

Typical electron micrographs, Figs. 3(a-r), 
of the etched surfaces of the various K.2O- 
SiO., glasses show dark regions of the fast 
etching phase as etched valleys along with 
areas of the slower etching phase. The ob- 
served structure in most cases- is well below 
0*2-0*25 /I. Transmission electron microscopy 
and diffraction from different parts of several 
thin film glass specimens showed the films 
to be Initially amorphous, as indicated by the 
diffuse diffraction patterns typical of liquids. 
However, on constant exposure to intense 
electron beam some films tended to devitrify. 
Under the conditions of sample preparation 
and annealing of these glasses, it appears that 
phase separation first increases towards the 
20 mole % K^O glass. The fast etching phase 
is apparently richer in and probably has 
a variable composition although relatively 
closer to potassium tetrasilicate. Exceeding 
20 mole % K2O, phase separation still occurs 
until in the 32*5 mole % KjO glass there are 
observed a few well defined etch shapes, 
associated with the occurrence of a few 
particles of a crystalline phase, possibly 
K20.4Si02 in a disilicate matrix. When the 
K2O content exceeds 33 mole %, an increas- 
ing amount of a highly continuous fast etching 

m 


separate phase appears with varying composi- 
tion but probably nearer the potassium 
disilicate glass. 

The absence of gross structure on fracture 
replication, as indicated earlier, suggests 
that both phases excepting that in the 32-5 
mole % KjO glass are vitreous, apparently 
resulting from liquid-liquid immiscibility. 
This seems to be supported by the fact that 
the gross structure on fracture replication 
is generally seen when the material is either 
polycrystalline or the fracture characteristics 
of the two phases are dissimilar; such as may 
be the case for a crystalline phase in a glassy 
matrix. Moreover, the structures observed 
from the etched fractured surfaces resemble 
those reported by Charles [41. and Douglas 
et a/.[10] for glasses with liquid-liquid 
immiscibility. 

Moreover, the electron micrographs, 
presented here, clearly show no evidence of 
any artifact effects because: (a) the observed 
structures change in a regular manner with 
increasing K2O, (b) the replication techniques 
are similar to those of other authors [4, 8, 10], 
and (c) the same replication technique shows 
crystallization in the 32*5 mole % glass and 
not in others which further substantiates the 
conclusions of the preceding paragraph. 

Briefly, the separation of the disilicate- 
like phase concurs with the appearance of the 
inflexion around 33 mole % K2O. The nearly 
constant activation energy for conduction in 
the potash-silica glasses with K2O exceeding 
33 mole % is indicative of conduction prin- 
cipally in the disilicate-Iike phase. 

The inflexion around 20 mole % K2O is 
apparently due to a gradual increase of the 
tetrasilicate-like phase in glasses of composi- 
tions from 15 to 20 mole % followed by an 
increasing appearance of the disilicate-Iike 
phase in glasses with more than 20% KjO. 
The gradual decrease in the activation energy 
of conduction is probably due to conduction 
through phases of slightly varying composi- 
tions. In fact, depending on the extent of 
phase separation in glasses on either side of 
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the 20 mole % KjjO glass, the inflexion in this 
region could occur in the range, 20-25 mole 
% KzO. 

The inflexion around 1 1 mole % KgO 
in the activation energy vs. composition 
is uncertain because (a) it is predicted simply 
from a combination of the present data with 
the only difFusion[18] and some well-charac- 
terized conductivity data on glasses with low 
alkali conlen((17], and (b) the lack of data on 
conductivity of the K 20 -Si 02 glasses with 
less than 10 mole % make it difficult to 
observe a break in log p vs. composition. 

However, if the resistivity of silicafl?) 
having a few ppm Na^ ions is included in 
Fig. 6 {e.g. resistivity is 8X10*^ I'SxlO'''^ 
and 9x ]0»« H-cm at 555°, 500° and 454°K, 
respectively) and it is assumed that the 
resistivity of fused silica with low concentra- 
tions of Na^ or ions is nearly the same, a 
break around 1 1 mole % K^O appears quite 
likely. Moreover, Bockris et a/.[20, 21] 
reported at 10-12 mole % metal oxide a rather 
sharp change in the thermal expansion coeffi- 
cient and the activation energies for viscous 
flow and electrical conduction in binary molten 
alkali silicates. This was inferred to be due to a 
marked change in the structure of liquid 
silicates in this composition range. It is likely 
that the structural features of the molten 
alkali silicates are retained in the solid potash- 
silica glasses upto about 12 mole % K.,0, 
particularly when the electron micrographs 
show practically no evidence of phase separa- 
tion in the 10-12 and 7*5(4] mole % KT) 
glasses, except that due to minor local compo- 
sition fluctuations, characteristic of single 
phases. 

4. SUMMARY 

The activation energy of electrical conduc- 
tion in the K^O-SiO^ glasses of 10-43*3 
mole % K 2 O show inflexions around II, 20 
and 33 mole % KoO. The inflexions around 
20 and 33 mole % KgO, also observed in the 
electrical resistivity vs. composition plots, 
are apparently related to the occurrence of 


phase separation, observed by replication 
electron microscopy, in the KgO-SiOg 
glasses. The inflexion around 1 1 mole % 
KgO is probably associated with a relatively 
large structure change upto this composition 
in the silica network. 
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ANTIFERROMAGNETIC RESONANCE IN LiMnPO^ 

P. R. ELLISTON*, J. G. GREER and G. J. TROUP 

Physics Departmeni, Monash University, Clayton, Victoria, Australia 

{Received 27 November 1968) 

Abstract- Anliferromagnelic resonance a! millimetre wavelengths has been observed in single crystals 
of LiMnPCV Ia/ - 35*K). The data have been compared with the Nagamiya-Yosida theory for a 
collinear orthorhombic antiferromagnel. A best fit to the theory is given by taking (2AA,)‘'* — 37-9 
±0*5 kG and ^ 62±2 kG at 4‘2®K, in good agreement with independent puised-field 

Spin-Hop data. 


INTRODUCTION 

Orthorhombic LiMnP 04 , lithiophilile, is 
antiferromagnetic below about 35°K[I]. A 
variety of studies has been made on this 
sysiem [ 1 -4] including spin-flop experiments 
and preliminary antiferromagnetic resonance 
experiments reported by us[5,6]. In the 
present paper we give detailed antiferro- 
magnetic resonance data at millimetre wave- 
lengths in pure single crystals of LiMnPO^, 
and compare our results with the Nagamiya- 
Yosida theory [7'9]. Unlike many systems 
investigated since the early work on CuCL 
.2H.,O[10], LiMnPO^ possesses a collinear 
spin system, and is perfectly orthorhombic. 
The Nagamiya-Yosida theory should there- 
fore provide a good description of antiferro- 
magnetic resonance in this system, as it does 
inCuCl2.2H20. 

CRYSTAL AND MAGNETIC STRUCTURE 

Lithiophilite is isomorphous with olivine, 
with Li in inversion sites[ll] as in other 
LiXPO^ compounds [4], and Mn in mirror- 
plane sites. The space group is Pnma with 
1046A,/) = 610Aandc==4-744A[ll]. 

An antiferromagnetic spin configuration 
collinear with the a axis was postulated by 
Mays[l] from nuclear magnetic resonance 
experiments. Mays’ model has been sub- 
sequently confirmed by neutron diffraction [2]. 

* Present address: Eaton Electronics Laboratory, 
McGill University, Montreal, C anada. 


EXPERIMENTAL TECHNIQUES 

Single crystals of LiMnP 04 were syn- 
thesized by the flux-melt method [ I Z].* Orange 
crystals up to 3 mm in size were obtained. 
Smaller crystals, about 1 mm, were generally 
used for the resonance measurements. The 
larger crystals tended to show structure in 
the recorded lines (making line-position 
difficult to determine), while smaller crystals 
did not; we tentatively ascribe this to propaga- 
tion effects, although we have not made a 
detailed study of the effect. 

Specimens were identified and oriented by 
back-reflection X-ray photographs, and 
mounted on a rotatable holder in a broad- 
band millimetre spectrometer(6]. 

EXPERIMENTAL RESULTS AND DISCUSSION 

As previously mentioned, the a axis is the 
most favoured axis of magnetization in 
LiMnP 04 . The spin-flop data of Ranicar 
and Ellis ton [5] further indicate that the least 
favoured axis is the b axis. In the notation of 
Nagamiya and Yosida the a and b axes then 
correspond to the t and z axes respectively. 

In the paramagnetic state above the Neel 
point an isotropic resonance line with g = 2 (X) 
±0*01 is observed. This paramagnetic 
resonance broadens and weakens near 35°K. 
The N6el point thus obtained is Tv = 34*6 
±0-4'’K, in agreement with Mays’ll] value 
(Tv = 34-85±0*rK). 

Since Mn*^ is an S-state ion, a g-value close 
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to 2 in the paramagnetic state is not unex- 
pected. We take the same ^'-factor for the 
antifenromagnetic state, an assumption which 
has been shown to be quite reasonable for 
other materials [8, 9, 13). 

Below antiferromagnetic resonance is 
observed. No hysteresis in the data was 
recorded, although runs were usually made 
with increasing magnetic field. 

If a magnetic field //o is applied along the 
X axis, the Nagamiya-Yosida theory predicts 
resonances above and below the critical 
(spin-flop) field //,. [= These modes 

are given by 

(u,/yy^{l/2)l(}^aW^c^^c, 

±{(l-a7W+2(l+a)W(c, + C2) 
H,<Hr (I) 

where the low- and high-frequency modes are 
given by — and -f respectively; 

W-r,; H,> Hr (2) 

and 

((dIjY ^ cj-r,; /y„ > Hr 

where w is the angular frequency, y{- ge/2mc) 
the gyromagnetic ratio, and 

r, 2KKu c. = IKK.,. cx= I -Xi/Xj 

where k(- I/x^) is the molecular field coeffi- 
cient, Kt and K .2 are the anisotropy energy 
constants {K, > > 0). and xw^ Xi 

parallel and perpendicular susceptibilities. 

Under certain conditions resonance may 
also be observed at //u = 9j. 

For Wo along the y axis the resonance 
condition is 

(a)/y)^ = Wo^ + r,. (3) 

With a microwave frequency of 67-6 Gc/s 
(o>/y= 241 kG) and H^ along the a axis 
in LiMnP 04 , we observe two resonances 


at low temperatures. The Imew/dths between 
inflexion points at 4-2®K are about 250 G 
for the lo\V-field line and about 400G for the 
high-field line. We identify these resonances 
with two of the modes given above: the low- 
frequency mode of (1), and (2). The high-field 
mode, equation (2), allows a direct determina- 
tion of c, at the temperature of measurement, 
providing the ;?-factor, or y, is known. From 
equation (2) we obtain, at 4*2°K, = 37*9 

±0-5 kG, in good agreement with spin-flop 
measurements [5J, Knowing we can 
determine c from the low-field mode, 
provided a is known. Rather than determine 
a from molecular field theory, it is usually 
obtained experimentally, since this generally 
gives better agreement between theory and 
the resonance data [ 1 4]. 

Mays[l] gives a at 4’2°K obtained from 
NMR and direct susceptibility measurements. 
We arbitrarily take «= 0*95 at 4*2°K, a value 
between those given by Mays. Actually, at 
this temperature (where a is of the order of 
unity) the resonance expressions are some- 
what insensitive to the choice of a. From 
equation (1) we then obtain = 62±2kG 
at 4-2°K, taking ^ 37-9 ±0-5 kG. This 
value of is in good agreement with the 
value of 65±3kG obtained from spin-flop 
measurements in the ah plane [5]. 

Knowing C j, a, and y, all the parameters 
in the Nagamiya-Yosida theory are specified. 
The frequency dependence of the various 
resonances for w/y < 60kG is shown in 
Fig. 1. The 67*6 Gc/s points are, of course, 
those from which c\ and c ‘2 (and hence the 
theoretical curves) have been determined. 
No resonance at the critical field is predicted 
for this temperature at the frequencies used, 
in agreement with observation. The 135*5 
Gels (w/y= 48*4 kG) data for Ho along the 
c‘ axis are in good accord with equation (3). 

The angular dependence of the resonances 
in the ac plane is shown in Fig. 2. The theore- 
tical expressions for this plane are com- 
plicated; they were solved, using an iterative 
technique, with the aid of a computer. The 
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Fig. I. Frequency dependence of antiferromagnetic resonance at 
4 2"K. Open circles are for //« along a axis, and full circles for ffo 
along ( axis. Curves are from Nagamiya-Vosida theory with 
(r, = 37'9 kG and - 62 kO. 



Fig. 2. Angular dependence of anliferromagnetlc resonance with in ac plane. 
Open circles are for 4’2‘'K. and full circles for i8*5'’K. Curves arc from Nagamiya- 
Y osida theory. 


0 
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theoretical curves for the above values of 
Tj, Cz and a are shown as solid lines in Fig. 2; 
the agreement with the data is good. 

It appears likely that close to the a axis 
the high-field line at 67-6 Gc/s shows a small 
‘dip' in the resonance field value similar to 
that which has been observed in CuCL, . ZHgO 
[15J6J and NiCI, , fiH^Ofl?]. In CUCI 2 
.IHoO Yamazaki and Date[l6J have ob- 
served an anomalously broad line in the region 
of the dip; this also occurs in LiMnPOj, 
although experimentally we were not able to 
study the behaviour in detail. The origin of 
the dip in these materials is not clear. 

The angular dependence in the ah plane 
al 67-6 Gc/s is shown in Fig. 3 for T 4'2°K. 
Again we obtain good agreement between 
theory and experiment, using c,, Co and a 
as before. 

Finally, the temperature dependence of the 
resonances at b7'6Gc/s is shown in Fig. 4. 
Resonance for Hn along the v axis is observed 


at this frequency for T greater than about 
28°K. Above T = 32°K broad resonances are 
also observed for //„ along the a axis; these 
correspond to the high frequency (+) mode 
of equation (1). 

I n order to compare the temperature- 
dependence data with theory we need to 
know a(T). In the absence of published data 
we proceed as follows: the critical field 
is given by 

H/-^2kKJa^2KJax, 

so that generally 

a(T)^2K,{T)IH,HT)xi{T), 

Assuming thata(O) = 1 andx^(T) is constant 
below Tx (expected for a simple antiferro- 
magnet) we have 

a{T)-=K,{T)H;^{0)IKMH;{T). 



Fig. 3. Angular dependence of aniifcrromagnelic resonance with Ha in ah plane at 67-6 Gc/s and 
T = 4*2''K. Curves are from Nagamiya-Yosida theory. 
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Fig. 4. Temperature dependence of antiferromagnetic resonance at 67-6 Gc/s. Open 
circJes are for Ho along a axis, and full circles for Ho along c axis The curves are ex- 
plained in the text. 


Following Abkowitz and Honig[14] we 
assume 

K^T)IK,(0) ^ KAT)IKA^) = BU(TIT,) 

where B^niTITsj) is the reduced Brillouin 
function for the spin 5/2 appropriate to 
in LiMnP 04 . 

Hence 

a(T)===BUTIT,).H,miH.HT). 

has been experimentally determined 
by Ranicar and EUiston[5]; using th|ir data 
we can predict a{T). Implicit in the above 
assumptions are the variations of c,(7) and 
q(7): 

cAT)lc,{0) = KAT)IKM = BIJTIT,) 

= C2(T)/c,(0). 

Knowing Ci{T), CiiT) and a(T), we can now 
compare the experimental data with the 


Nagamiya-Yosida theory. The theoretical 
curves, taking 7 a' = 34'6°K, are shown in 
Fig. 4, with [C|(4*2)]‘^^ = 37‘9kG, and 
[c2(4'2)]^^^ = 62kG. The curve starting at 
about 40 kG for T = 0°K, and shown as a 
solid line above 17-4®K, is a best fit to the 
spin-flop phase boundary determined by 
Ranicar and Elliston, Above 17-4'’K, the spin- 
flop mode given by equation (2) is not ob- 
served; instead, the resonance occurs at the 
critical field. 

The exchange field in an antiferro- 
magnet can be determined from the per- 
pendicular susceptibility, since He = Mo/X^ 
(where Mo is the sublattice magnetization). At 
4-2°K, using Xjl( 4’2) = 0-043 cmVmole[I], we 
obtain = 320 kG for LiMnP 04 . The ani- 
sotropy field H^ = KiMo can be determined 
from He and c,, since = With 

cV'' = 37*9kG we obtain //4 = 2-2kG. A 
necessary requirement of the Nagamiya- 
Yosida theory is that the exchange field be 
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much greater than the applied and anisotropy 
fields; this requirement is therefore well 
satisfied in LiMnPO^. 

CONCLUSIONS 

Anliferromagnetic resonance in LiMnP 04 
is well described by the Nagamiya-Yosida 
theory. At 4'2°K, the parameters chosen to 
give the best agreement between theory and 
experiment are = 37-9 ±0-5 kG and 
62±2 kG, in good agreement with 
independent pulsed-field magnetization 
measurements. 

Avknowleilm'mem\-V^^ are grateful to Mr A. Vas for 
growing single crystals of LiMnPO^. One of us (P. R. 
Elijston) acknowledges a Radio Research Board grant. 

REFERENCES 

1, MAYSJ. t31,3S(iyh3) 

2. NEWNHAM R. E., SANTORO R P. and 
REDMAN M J , / Ph\s Chan Salkls 26. 445 
0965). 


3. MERCIER M. and GAREYTE J., Solid State 
Comma/}, 5, J39(]967). 

4. SANTORO R. P. and NEWNHAM R. E., Acta 
crystallogr. 22, 344 (1967). 

5. RANICAR J. H. and ELLISTON P. R., Phys, 
Lett, 25A. 7200967). 

6. ELLISTON P. R. and TROUP G. J., Proc, phys. 
Soc. 92,1040 0967). 

7. YOSIDA K.. Prog, theor. Phvs, 7, 425 (1952). 

8. NAGAMIYA T., Prog, theor. Phys, 11 , 309 (1954). 

9. NAGAMIYA T., Prog, theor. Phys. 15, 306 (1956). 

10. for references see Foner S., In Magnetism (Edited by 
G. T. Rado and H. Suhl), Vol. I, p, 408. Academic 
Press, New York (1963). 

11. GEl.LERS and DURAm }. L,. Acta crystallogr. 
13,325 0960). 

12. ZAMBONINI F, and MALOSSI L.,Z. Kristalhgr, 
80,442(1931). 

1 3. FONER S.,Phxs. Rev, 130, 1 83 (1 963) 

14. ABKOWITZ M. and HONIG A., Phys. Rev. 136, 
A 1 003(1 964). 

15 GARBER M. and GERRITSEN H. J., Physica 22, 
189(1956). 

16. YAMAZAKI H and DATE M., J. phys. Sot, 
Japan 21, 1615(1966). 

17. DATE M. and MOTOKAWA M., J. phys. Soc. 
Japan 22, 165 (1967) 


t 



J, Fhys. Chem. Solids Pergamon Press 1969. Vol. 30. pp. 1341-1352. Printed in Great Britain 


SUR L’EVOLUTION EN FONCTION DE LA 
COMPOSITION DE PROPRIETES SEMI-CONDUCTRICES 
A DES PROPRIETES METALLIQUES AU SEIN D’UNE 
PHASE DE TYPE ‘BRONZES OXYGENES DE VANADIUM’ 

A. CASALOT el P. HAGENMULLER 

Service de Chimie Minerale Structurale de la Faculle des Sciences de Bordeaux, associe auC.N.R.S., 

35 1 , cours de la Liberation, 33 Talence, France 

{Received 2{) November 1968) 

Resum6- Dans les phases la nature du metal msere influe beaucoup moins que le taux 

d’lnsertion x. Nos mesiires montrent que lorsque celui-ci n'est pas trop important, les phases 
sont des semuconducleurs. Les propri^tes physiques evoluenl, au fur et a mesure de J’accroissement 
de X, marquant le passage d’un etat localise, caracterisc par un paramagneiisme de Langevin et 
une conduction par sauls vers un etat delocalise (paramagnetisme mdependant de la temperature 
et conduction de type metallique). Une telle evolution qui s’efFeclue sans disconiinuite apparente n a 
a notre connaissance jamais eie observee anlerieuremenl 


1. INTRODUCTION 

La theorie des bandes predit pour Tan* 
hydride vanadique V2O5 un caractere forle- 
menl isolant par suite de Tabsence a Telat 
fondamental de tout electron d. Des mesures 
de conduclivite electrique en fonction de la 
temperature infirment cependant cette theorie; 
ellcs impliquent un caractere semi-conducteur 
avec une energie d’activation de Tordre de 
0,2 eV[l-2]. 

Ioffe etudiant des echantillons de V2O5 par 
resonance paramagnetique electronique con- 
clut a la presence de quelques atomes de 
vanadium tetravalent entrainant une 

conduction par sauts[3-4]. Ce resultat a ete 
confirme ulierieurement par i ’etude de 
propriet^s physiques des phases 
qui peuvent etre considerees comme des 
solutions solides d’ions dans V2O5 et 
qui comportent ainsi nx atomes V^^[5]. 

Les phases ont fait I’objet 

d’etudes diverses et contradictoires[6-7]. 
Sohn a determine sur dcs monocristaux de 
phases j3 de composition proche de Nan.^i^V-^Os 
des energies d’activation de 0,06 eV et des 
moments magnetiques effectifs de 2/x/, en- 


viron par atome de vanadium tetravalent [8], 
II confirmait que Telement insere toit totale- 
ment ionise, opinion deja enoncee parGendell, 
Cotls et Sienko, qui constataient Tabsence de 
tout deplacement de Knight lors de mesures 
de R.M.N. effectuees sur Lio,33V205/3[9]. 
Perlstein, poursuivant sur le plan electrique 
les travaux de Sohn, a montre par effet Hall 
que le nombre de porteurs devenait constant 
a une temperature proche de celle de Debye 
[10]. Ces auteurs proposaient pour la phase 
Nao.33V20fl un m&anisme de conduction par 
sauts. 

Nous avons abouti a une conclusion ana- 
logue en expliquant les proprietes electriques 
et magnetiques de divers bronzes oxygenes de 
formules Naj.V205 (0,22 ^ x ^ 0,40), KJ.V2O5 
(0,19 ^ jc 0,27) et Agj.V205 (0,29 ^ 
0,41) etudies pour la premiere fois dans tout 
leur intervalle de composition [5-11] 

La phase Cu^VaOs/S, isotype des prece- 
dentes[!2] presentait un interet tout par- 
liculier en raison de Tetendue de son domaine 
d'existence (0,26 ^ jr ^ 0,64 a 600°C) qui 
permettait d'eludier des echantillons beaucoup 
plus riches en porteurs. 
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1 PROPRIETES MAGNETIQUES 

La susceptibilite molaire Xm a ete deter- 
minee entre IT et 625®K environ grace a 
Temploi d'une balance magnetique de type 
Faraday. La susceptibilite paramagnetique 
X;, s’en deduit: 

(I) 

Dans cette relation x/> represente la contribu- 
tion dramagnetique de tous les atomes et Na 
un terme correctif lie au paramagnetisme de 
Van VIeck du reseau. Cette valeur, assez 
difficile a determiner experimenlalement se 
calcule neanmoins par methode graphique. 
File s'est averee dans tous les cas etudies 
Ires voisine de celle de Na po.ssede 

une valeur proche de 120yutuem c.g.s. et reste 
independant de la temperature[5-13-14]. 

Alors que leurs homologues du potassium 
suivent rigoureuscment un loi de Curie- 
Wciss dans tout Ic domaine de temperature 
envisage[l 1], il n'en est pas de meme pour 
les phases Files ne suivent en 

effcl une loi de Curie-Weiss qu'a temperature 


suffisamment elevee. En de 9 a elles presentent 
une legere incurvation. 

Si cette temperature de transition est 
loujours voisine de 220°K pour les phases 
AgxV 205 / 3 , pour les phases Cux-V 205 j 3 elle 
varie: les courbes deviennent 

lineaires pour des temperatures d’autant 
plus elevees que le taux d'insertion est plus 
grand (Fig. I). 

Nous avons deduit des courbes obtenues a 
temperature elevee les valeurs des constantes 
de Curie molaires Cm et atomiques Cv-Jes 
temperatures de Curie 0. les moments effectifs 
Pffi et les temperatures limites inferieures 
d’application de la loi de Weiss. Toutes ces 
donnees sont regroupees au Tableau I . 

La croissance de la temperature de Curie 
en fonction du taux d'inserlion repond pour 
cette serie a une loi d’allure parabolique 
(Fig. 2). II semble en etre de meme pour le 
moment magnetique des phases 
Les valeurs de obtenues pour des taux 
d’insertion elevee en cuivre sont tres supe- 
rieures a la valeur theorique {Pm — 
correspondant au seul paramagnetisme de 
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Fig. 1 . Variation avec la temperature de I'lnverse de la susceptibilite paramagnetique. 
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Tableau I 


Compositions 

T, 

(°K) 


C y4+ 

(/in) 

e 

(“K) 


310 

0.146 

0,488 

1,97 

-175 

CU«.:|5V20b^ 

300 

0,165 

0,473 

1,94 

-195 


295 

0,183 

0,456 

1,91 

-220 


300 

0,210 

0,468 

i.93 

-290 


3I0 

0,246 

0,492 

1.98 

-380 


335 

0,316 

0,575 

2,14 

-580 

On.so V 20.ii^ 

350 

0,400 

0,666 

2,31 

-800 



Kig. 2. Variation de la temperature de Curie en fonction 
du laux d'insertion. 

spin. On pouvait etre tente a premiere vue 
d'expliquer cet accroissement brutal de 
avec par la formation d1ons cuivriques 
dont le nombre augmenterait en 
fonction du taux d'insertion. L’etude chimique 
semble exclure une telle possibilite. 

Le modele propose pour d'autres series 
Mj.V205j3(M = Na, K) (forte localisation des 
electrons d du vanadium et existence dans 
le diagramme des correlations electroniques 
de multiplets serres) s’avere salisfaisant 
pour nos deux series tant que les valeurs 
de P^ restent inferieures a Ifip. II n'est 
plus valable lorsque jc devient superieur 
a 0,50 (Pfn > 2fiB)^ Cette croissance de 
correspond a des valeurs anormalement 
basses du point de Curie qui tend rapidement 
vers -00, propriete qui annonce I’apparition 
d’un paramagnetisme de Pauli. 

II semblerait done que les phases etudiees 


Pm (FB) 
2/0 



L._j » ■ J . i_ ^ 

0,30 0/0 0,50 q|Jo k 

Fig. 3. Variation du moment magnetique effectif en 
fonction du laux d’insertion. 

evoluent d’un elal localise vers un etat 
metalliquc lorsque le taux d’insertion aug- 
mente. Cette interpretation est confirmee 
para revolution de la susceptibilite molaire 
Xi, avec X a temperature donnee (Fig. 4). 
l.es isolhermes de susceptibilite Xp ont toutes 
tendance a se recouper pour une valeur de x 
legerement superieure a 0,60. Les isolhermes 
qui caracterisent la variation avec jc de la 
susceptibilite molaire par atome de vanadium 
tetravalent xA (susceptibilite atomique) 
devraienl de leur cote pratiquement etre 
independantes du taux d’insertion dans 
rhypothese d’une localisation. Ce resultat 
n est pas confirme par Texperience puisqu’en 
fait les diverses isolhermes xJ^ decroissent 
lineairement avec x (Fig. 5). Les diverses 
droites obtenues, a I’exception peut etre de 
risotherme obtenue a 77°K, convergent vers 
la valeur jc = 0,667 qui correspond a la limite 
crislallographique superieure theorique des 
phases p, 

Cette evolution semble impliquer que la 
composition CU0.667V2O5. si elie existail. 
possWerait un paramagnetisme independant 
de la temperature. La valeur de X;m Qui est 
de 300jLLuem e.g.s. environ, reste cependant 
superieure aux valeurs habituellement miscs 
en evidence pour un paramagnetisme de 
Pauli. File suppose une bande de conduction 
encore elroite. 

Lorsque le taux d'insertion .r augmente les 
phases p paraissent done evoluer eflfective- 


s 
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f ig. 4 Variuiion isothcrme dcs su^cep^lhililc^^ moiaires en function du 
[aux d'lnscriion. 



5 VariiLlion isolhcrine des susceptibiliies atomiques en fonciion du 
tiiuKd’insemon. 


meni d’un etai localise vers un elal delocalise. 
Ce resultal, qui sera confirme par les mesures 
electriques et de chaleur specifique a basse 
!emperalure est importanr. Nous ue connai.s- 
sons pas J autre exemple de phases compor* 
tanl un domaine d’existence dans lequel au 
caractere semi-conducteur se substituent 
progressivement des proprietes metalliques. 


3. CONDICTIVITE ELECTRIQUE 
Les mesures de conductivite ont ete effec- 
tuees sur une cellule utilisant la methode des 
quatre pointes. La conductivite est deter- 
minee pour une tres large gamma de tempera- 
tures (de IT a 800 ^K) sur des echantillons 
frittes. [/absence de monocristaux suifisam- 
ment gros nous a conduits a preparer des 
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baiteaux parallelepipediques obtenus par 
compression d’une poudre de granulometrie 
connue sous 1,5 XIO^ Pascals et frittage 
prolonge 20®C environ au-dessous du point 
de fusion. Ce frittage est effectue en ampoule 
scellee et sous atmosphere d’argon afin 
d'eviter tout depart d’oxygene. Avant chaque 
manipulation les echantillons sont degazes 
a 300T sous vide pendant une heure. 

La Fig. 6 rassemble les resultats relatifs a 
revolution de la conductivite cr des phases 
CUj-V 20^)3 avec la temperature. Pour chaque 
composition le logarithmc de la conductivite 
varie lineairement avec Tinverse de la tempera- 
ture selon une loi de type: 

/ AE\ 

(7 = (7,>exp(- — 1. (2) 

Une telle loi implique un caractere semi- 
conducieur. Dans la mesure ou, comme Ta 
determine Perlstein par mesures d’effet Hall 


sur Na<),33V205, le nombre de porteurs est 
constant, ce resultat implique egalement une 
variation exponentielle de la mobilite; celle-ci 
est alors caracteristique d’une conductivite 
par sauts[15]. 

Nous deduisons Tenergie d’activation AE 
de la pente des courbes obtenues. AE subil 
une discontinuite a une temperature Tf: qui 
augmente avec x, mais qui est tres eloignee de 
la temperature precedemment definie. 
L'existence d’une cassure vers 95°K pour la 
composition Cuo,35V205/3 laisse supposer que 
le changemeni de pente se manifeste encore 
pour la composition x = 0,30, mais se situe 
a une temperature inferieure a celle de Tazote 
liquide. 

Les energies d’activation observees sont 
toujours plus faibles a haute temperature 
(AE^r) qu’a basse temperature (A£/,r)- File 
sont rassemblees au Tableau 2. Les valeurs de 
AE/zr sont voisines de celles obtenues pour 
les phases 10-1 1]. Cette similitude 



Fig. 6. Variation du logarilhme de la conductjvile avec I’inverse de la 
temperature. 
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Tableau! 


Compt)siiions 

r, 

rK) 

(eV) 

log (Tin ‘cm ') 
pourr= 125'’K 

£wr 

(eV) 

logcr(n~'cm 
pour T 400®K 




2,56 

0,076 ±0,003 

0,75 


95 


2,95 

0,068 ±0,003 

0,86 

0 U(,, 10 V 

175 

0,090 ±0.(H)6 

1,10 

0,058 ±0,004 

1,04 


200 

0,070 ±0,005 

1,40 

0,050 ±0.003 

Ml 


275 

0,057 ±0,005 

(,73 

0.039 ±0,002 

1,26 


235 

0,039 ±0,003 

0,36 

0,030 ±0,(X)2 

1,36 

Cu„.«nV,(),j3 


0,023 ±0.002 

0,65 

0.023 ±0,002 

1,42 


des energies deactivation implique que le 
mecanisme de conduction ne depend pas de 
la nature de relement insere mais du squeletle 
de composition (V 20 .s)„ qui capte I’electron s 
inlroduit avec chaque atome M, 

Les energies d'activation a basse el haute 
temperature diminuent de maniere sensible- 
ment lineaire (Fig. 7). Files s'ecrivent; 

Ih — (3) 

A Taide de cettc relation, nous avons 
calcule Ics valeurs de j pour lesquellcs 
s'annuleraient lEi,r el C es valeurs 

(respectivemcnl x = 0,67 et x = 0,72) concs- 
pondraienl pour des monocristaux a unc 
conduction de type metullique; ellcs ne ditTe- 
rent pas sensiblcment de la valeur limite 
0,667 qui repemd au maximum d’inscrlion 
ail sein de la phase /3. Si on tient compte du 
fait qu’une phase de caractere metallique peut 
comporter u Telal pulverulent une conduc- 
livite croissant avec la temperature par suite 


de la presence d’une faible energie d'activa- 
tion due en fait a Fexistence de joints de 
grains, ce resultat implique que la conductivite 
devient metallique des lors que x est suffisam- 
ment eleve. Une telle remarque confirme 
Tetude magnetique precedenle. 

Le report de la relation (3) dans Tequation 
(2) se traduit pour une temperature donnee 
par une variation lineaire de logcr avec le 
taux d'insertionx; 

logfr = (4) 

l.es isothermes de variation du logarithme 
de la conductivite obeissent pratiquement 
a une loi de ce type: i'ecart maximal n’est que 
de 0,2 unites logurithmiques par exemple 
pour I’isotherme a I25''K (Fig. 8). L'existence 
d'une relation lineaire du type (4) constituc 
une justification certaine de I’utilisation de 
barreaux frittes pour les mesures de conduc- 
livile a condition de considerer leurs varia- 
tions relatives et non pas leurs valeurs 



Fig. 7. Variation des energies d'aclivation en fonction du taux d’insertion. 
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Kig. 8. Variation isoiherme du logarithme de la conduct! vile en fonction du taux 

d’insertion. 


absolues. Ce resultat ne saurait nous faire 
oublier en effet le role important que jouent les 
resistances de joints de grains, Comme nous 
Tavons deja fait remarquer, elles inhibent 
fortement la conductivite (Perlstein a mesure 
par exemple des conductivites sur mono- 
cristal cent fois superieures aux notres pour 
des compositions voisines), elles sent sus- 
ceptibles egalement d’entrainer une legere 
augmentation de Tenergie deactivation. 

L’accroissement du taux d’insertion x du 
metal, dont le corollaire est Taugmenlation 
du nombre d'atomes de vanadium porteurs 
d'electrons d, entraine une attraction plus 
faible des ligandes oxygenes et par consequent 
un abaissement de la barriere de potentiel 
qui piege ces electrons d. Dans la mesure ou 
I’energie d’aclivation A£ correspondrait 
sensiblement a Tenergie necessaire pour 
eflPectuer un saut entre atomes de vanadium 
a travers celte barriere selon le mecanisme 
propose par Galy, Casalot et Pouchard pour 
les phases Na^^V .20^/3 [16], cette decrois- 
sance de A£ avec x s’expliquerail ainsi 
tres logiqiiement. 

Dans Tetat de nos connaissances, nous 
considererons que ce mecanisme de conduc- 


tion par sauts evolue sans discontinuite 
apparente vers une conduction de type 
metalJique. 

4. POLVOIR THERMOELECTRIQUE 

A temperature ambiante le pouvoir ihermo- 
eleclrique a des phases (A/ = Na, 

Cu, Ag) ne depend pratiquement que du taux 
d'insertionjr(Fig. 9). 

La valeur que nous oblenons pour la com- 
position Nao. 33 V. 2 O 5 (a = -ll 6 /jLV/°K) est 
intermediaire entre celles mesurees par 
Ornatskaya (a = — 100/xV/°K)[7] el Perlstein 
(a -~136/u.vrK)[10]. La valeur negative 
de a implique que pour les phases ft les por- 
teurs de charge sont des electrons et que la 
conductivite est done de type n. La valeur 
absolue elevee est typique d'autre part pour 
un semi-conducteur. 

Ooodenough a propose une relation pour 
relief a a la concentration c en porteurs de 
charge par Tintermediaire de I'entropie 
thermique S*[17]: 
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Kig. 9 Variation dii pouvoir thermoelectrique des phases 
a 3()0^K en fonctiun du taux d’lnscrtion 


La concentration en electrons par atome de 
vanadium est egale a a/2 puisque Perlslein a 
montre par mcsurcs d’cffet Hall pour les 
phases Naj.VoO:,)3 quc le nombre de porteurs 
est egal au nombre d'electrons c/110). Le 
pouvoir ihermoelectrique varierait done selon 
une relation du type: 

Nous avons determine empiriquement les 
valeurs des constantes /I et B a parlir de la 
valeur du pouvoir Ihermoelectrique de 
VjjOr,. La courbe theorique ainsi obtenue, que 
nous avons mentionnee en pointille sur la 
Fig. 9, ne coincide pas en fait avec les valeurs 
experimentales. La courbe en trait plein qui 
correspond a la formule (5), mais ou c 
represente le nombre x de porteurs de charge 
est par centre en plein accord avec les 
donnees de Texperience. 

Cette contradiction entre la relation de 
Goodenough etablie pour des semi-con* 
ducteurs extrinseques et nos valeurs experi- 
mentales exclut done ce type de conduction. 
11 semble que cette relation aurait besoin 
d’etre adaptee pour que sa validite s’etende 
aux semi-conducteurs par sauts; la relation 
que nous proposons a toutefois I’avantage de 
faire intervenir le nombre d’electrons qui 


est proportionnel a x. et le nombre de sites 
disponibles lui-meme proportionnel a I —x. 

La diminution de la valeur absolue de a 
avec le taux d’insertion, qui tombe a 1 2 
pour Cu,).fioV 205 confirme en tout cas le 
passage progressif de proprietes semi-con- 
ductrices a un caractcre melallique. 

La variation avec la temperature du 
coefficient de Seebeck des phases 
est conforme a la theorie etablie par Heikes 
pour les semi-conducteurs par sauts[151. 
Dans de tels materiaux a depend des con- 
stantes thermodynamiques: 



kT 




(7) 


Les mesures ont ete effectuees a diverses 
compositions (Fig. 10). 

Tant que la temperature T est relativement 
faible le terme TAi’ est negligeable devant le 
terme enthalpique; a varie alors proportion- 
nellement a I’inverse de la temperature. 
Lorsque ce terme devient preponderant par 
suite de Laccroissement de la temperature le 
pouvoir thermoelectrique est independant de 
T, Ce changement de mecanisme s'effectue 
assez brulalement et a une temperature 
d’autant plus basse que le nombre de porteurs 
est plus eleve. 

Nous ne connaissons pas en fait I’influence 
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du taux d’insertion done du nombre de 
porteurs de charge sur les diverses grandeurs 
thermodynamiques. l.eur determination 
quantitative que ne permet pas pour le 
moment la theorie de Heikes apporterait une 
confirmation a notre hypothese et validerait 
sans ambiguite aucune la theorie de la semi- 
conduction par sauts. 

5. DENSITE D’ETATS AU NIVEAU OE FERMI 

Des mesures de chaleur specifique ef- 
fectuee^ a des temperatures comprises entre 
I, 5° et 10°K environt semblent suivre avec 
la temperature une loi de type: 

C^yT^pr. ( 8 ) 

L existence d’une ordonnee a Torigine y non 
nulle correspond a une valeur tres elevee 
de la densite d’etats au niveau de Fermi 
n(Ef). Ce resultat implique pour les bronzes 
Texistence d'une bande de con- 
duction particulierement etroite. 

tCette etude a r^alisee au Laboratoire de Physique 
des Solidcs de la Faculte des Sciences d'Orsay grke k 
I’aimablc collaboration de M. Jacques Bonnerot et de 
M. Jean-Pierre Mercuric. 


La diminution progressive de la densite 
d’etats pour des taux d’insertion deves nous 
incite cependant a admettre un elargissement 
progressif de la partie occupee de la bande de 
conduction (Fig. 1 1). 


»v) 

101 - 


a25 Q35 0/iS 0^5 


Fig. 11. Variation de la densite d’^lats au niveau de Fermi 
cn fonction du taux d’lnsertion- 


Cette premiere etude est Irop fragmentaire 
pour permettre la determination du profil 
exact de la bande de conduction en fonction 
du taux d’insertion, mais elle confirme la 
complexite des mecanismes de conduction 
dans les bronzes oxygenes de vanadium. 


m 
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6. DISCUSSION 

Les di verses proprietes physiques eludiees 
permetlent de condure qu’au fur et a mesure 
qu'augmente au sein des phases ft le taux 
d'insertion se produit une evolution progres- 
sive d’un mecanisme de semi-conduction par 
sauts vers des proprietes metalliques, Tapari- 
tion d’une ddocalisation electronique pouvant 
etre attribuee a I'elargissement progressif 
dans la structure de bandes d’une bande de 
conduction partiellement remplie. 

L’etude structurale des phases 
revele que les alomes de vanadium occupent 
deux types de sites: ils sont soil en positions 
octaedriques deformees (sites A) soil en 
positions bipyramidales (sites B). Les plus 
courtes distances entre atomes de vanadium 
proches voisins varient selon la nature de ces 
sites: les distances A-A sont de 3,12 A, les 
distances B-B de 3,01 A, les distances A-B 
de 3,14 A. Les volumes respectifs de la bipy- 
ramide el des octaedres laissent presager une 
predominance du vanadium tetravalent dans 
les sites /til 8]. 

l.a distance critique de Goodenough, 
valeur limite en-dessous de laquelle un re- 
couvrement direct des orbitales d'un 
element de la premiere serie de transition 
conduit a une delocalisation electronique, est 
de 2,87 A pour le vanadium tetravalent dans 
un site octaedriquel 19]. Toules les distances 
vanadium-vanadium s'averant siiperieures 
a cette valeur critique, nous ne pouvions nous 
attendre a priori a unc conductiviic metallique 
de ce type. 

Une theorie de Goodenough justifie cepen- 
dant les proprietes metalliques de quelques 
composes oxygenes des elements de transition 
T pour Icsquels les distances interatomiques 
cation-cation sont superieures a R,.. Cette 
theorie envisage la possibilile d'un recouvre- 
ment indirect des orbitales d de cations voisins 
par Pintermediaire d orbitales de Poxygene. 
Un tel mecanisme qui s’applique aux bronzes 
de vanadium exige la realisation simultanee de 
deux conditions [20]: (a) L'atome d’oxygene 
considere ne doit engager au maximum que 


trois liaisons cr avec les atomes metalliques 
les plus proches; il faut, en effet, qu’une au 
moins des orbitales de Poxygene soit dis- 
ponible pour Petablissement d’une liaison tt 
dans les chaJnons T-O-T. A Porbitale mole- 
culaire tt liante qui en resulte correspond une 
orbitale moleculaire tt* anti-liante susceptible 
de s’etendre sur lout le reseau. (b) Le nombre 
d’electrons anti-liants n^. par cation doit etre 
inferieur a trois, de maniere a ce que cette 
bande tt* son soit pas totalement remplie. 

Plusieurs atomes d’oxygene (Fig, 12) sont 
susceptibles de former des liaisons tt avec les 
orbitales du vanadium dans la mesure 
ou le polyedre oxygene peut etre assimile a 
un octaedre non deforme (symetrie O/,). 
Si les chainons V-O-V restent tres isoles 
dans les directions de Paxe u, ils s’allongent 
par contre d’une maniere continue dans la 
direction de Paxe de croissance b et pourraient 
donner ainsi naissance a une bande tt* anti- 
liante. Compte-tenu des distorsions im- 
portantes qui existent dans la structure des 
phases j3, cette bande semble etre la seule 
qui puisse evenluellement constituer une 
bande de conduction. Les distances V-O 
n’etanl pratiquement pas modifiees lorsque le 
taux d’insertion evolue, la largeur de cette 
bande est independante de la composition. 

Or les diverses mesures physiques ont 
revele le passage progressif d'un mecanisme 
de conduction par sauts a une conduction de 
type metallique, autrement dit de niveaux 
d'energie discrets a une bande partiellement 
remplie dont la partie occupee est d’autant 
plus large que le nombre de porleurs est plus 
eleve. 

Lorsque x est faible les niveaux occupes de 
la bande de conduction constituent une zone 
exlremement etroite par suite du petit nombre 
d’atomes de vanadium porleurs de charge. 
Ces porleurs d’eleclrons d sont isoles les uns 
des autres et n’ont que peu de chances 
d’entrer statistiquement en interaction. 

Le passage des electrons d sur des vana- 
diums resulte de I’agitation thermique et de 
son action sur le reseau. Chaque electron n’est 
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Chomvi bipyramidalvt («i(m B) 



^ = ' 3'/60 X O3 s 3 

Chainti oc^Qcdnqutt (iitti a) 

Fig. 12 Possibilites schemaliqucs de recouvrement des 
orbitales dans les chaines bipyramidales et octaedriques 
de la phase 


done delocalise qu’a courte distance, sur 
quelques atomes de vanadium proches 
voisins. Les domaines qui se foment ainsi 
au sein des chaines V-O-V paralleles a Taxe 
b sont pratiquement isoles les uns des autres. 
La conduction resulterait de sauts electro- 
niques entre ces divers chainons par-deia une 
barriere de potenliel, Les sauts exigent alors 
une energie d’autant plus faible que ces 
chainons sont plus nombreux, done plus 
rapproches. 

La croissance du laux d’insertion implique 
un accroissement simultane du nombre de 
vanadiums tetravalents, done de celui des 
electrons 2d. Le nombre de chainons de de- 
localisation croissant parallelement, la pro- 
babilite de rencontre de ces chainons, el par 
consequent leur extension, augmente egale- 
ment. II en resulte que les possibilites d’inter- 
actions au sein de ces chainons s’accroissent. 
Ce phenomene explique Tdargissement 
progressif de la partie occupee de la bande de 
conduction au fur et a mesure que la deloca- 
lisation devienl importante (Fig. 13). Les 
mesures de chaleur specifique montrent que 
cette extension graduelle coincide avec une 
diminution de la densite d'etats au niveau de 
Fermi. 

A£ est theoriquement nul lorsque la deloca- 
lisation de I’electron d est totale le long de 
Taxe h. Dans un monocristal nous devrions 
observer alors une conductivite metallique, 
si cette bande nest pas completemenl remplie. 
Des mesures d’anisotropie electrique ef- 



Fig. 13. Evolution du remplissage de la bande de conduction par ac- 
croissement du taux d'insertion. 
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fectuees sur des monocrisfaux des phases 
seraient seules susceptibles de 
montrer que la conduction s’efFectue pr6f6- 
rentiellement le long de Taxe b. Le passage 
progressif du caractere semiconducieur a une 
conduction de type metallique laisse supposer 
que dans le reseau Tun au moins des trois sites 
relatifs au vanadium est occupe prefereniialle- 
menl: pour un tiers seulement des 

vanadiums disponibles est susceptible en effet 
de Iburnir un electron rf.t 
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THE CREATION OF F CENTERS IN LITHIUM 
FLUORIDE BETWEEN IT AND 600°K AND THEIR 
INTERPRETATION BY A RECOMBINATION MODEL 
OF INTERSTITIAL-VACANCIES 

P. DURAND*, V. FARGEt and M. LAMBERT 

Laboratoire de Physique des Solidest, Faculty des Sciences d'Orsay, Bat 210. Orsay, 91 France 
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Abstract - In pure LiF crystals, the number of F centers generated by X-ray irradiation between 200° 
and 600“K is proportional to the square root of the irradiation time. At room temperature, for the same 
irradiation time, the number of F centers increases proportionately to the square root of the radiation 
intensity. At irradiation temperatures higher than 400°K a fraction of F centers clusters to form large 
agglomerates ob.servable by small angle X-ray scattering. One a.ssumes that the radiation creates Ki 
Frenkel pairs per unit time (/ being the radiation intensity) and that interstitials thus created diffuse 
towards F centers or towards traps which are assumed to be agglomerates of interstitials: the calcula- 
tion leads to a generation law of F centers proportional to in good agreement with experimental 
results, One thus verifies this model by studying the disappearance of M centers hy X-ray irradiation 
below 250°K: such a bleaching occurs through trapping of free interstitials by these centers. 


INTRODUCTION 

The ionizing radiations in alkali halides dis- 
place halogen ions by a mechanism not yet 
clearly explained, which we shall call the 
primary process. To this process, are added 
other processes depending strongly on the 
temperature of irradiation and bound to the 
mobility of the defects created (//, 
a, F centers, etc. . .)[!, 2], 

At low temperature (4°K), the generated 
defects are stable(2]: it is thus possible to 
indirectly study the primary process by ob- 
serving the kinetics of formation of the various 
generated centers. Numerous hypothesis have 
been made on this process. The first one, due 
to Seitz [3] and presently abandoned, sug- 
gested that vacancies are generated from 
dislocations. The second one, proposed by 
Varleyf4], invokes a multiple ionization of a 
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halogen ion and its ejection into an interstitial 
position. The third one, developed by Klick 
[5] and by Williams [6] uses the simple ionisa- 
tion of two neighbouring halogens. Finally, 
the last one, actually the most probable one, 
has been simultaneously proposed by Pooley 
[7] and HerschlS]: the primary process would 
be due to an electron-hole recombination. 
This recombination can be radiative without 
creation of F centers; it can also be non radi- 
ative and the energy thus released to the lattice 
gives rise to a Frenkel pair. The yield of this 
primary process varies with temperature as 
the probability of the non radiative recombin- 
ation increases strongly with temperature. 

At higher temperature and in particular 
at room temperature, the effects are much 
more complex due to the mobility of the W, 
Vtc. and a centers. In general, near 300®K, 
one considers two distinct stages of generation 
of F centers as a function of the lime of 
irradiation: a stage of rapid generation followed 
by a slow onel9]. According to all publica- 
tions[2], it appears that the first stage is due 
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lo the presence of impurities in the crystals, 
the second one being more intrinsic. The 
influence of impurities is such that it is neces- 
sary to study very pure crystals with concen- 
trations of F centers greater than the residual 
concentration of impurities if one wants to 
reach the intrinsic creation of F centers at 
room temperature. Very few studies have 
been made in this range of concentrations. 
Srinavisan and Compton[IO] in KCI purified 
by zone melting have not observed the first 
stage. Elzel and AllardI 1 1] in the purest NaCl 
crystals have not observed it either. Sonder 
and TempIeton{l2] have studied the satura- 
tion which appears for strong concentrations 
in KCI ^ 4 X 10^*^ F centers per cc. 

Such studies performed essentially on KC i 
crystals have never been done on I a F samples. 
IJke other alkali halides, lithium fluoride 
can be colored with X-rays, y-rays or far 
ultraviolet [13J. By X-rays irradiation one 
observes essentially defects of the Frenkel 
type[14|. Other studies have been published 
on this questioni 15, 1 6J, but they are in general 
old and have been pertbrmed on fairly impure 
crystals with small doses of irradiation. 

To reach the intrinsic creation of F centers 
between IT and 6()()°K. we have studied the 
formation of F centers in pure samples with 
large concentration of F centers (5x 10^^ to 
1(V'*F centers per cc). We have thus been 
able to interpret our experimental results in 
terms of an interstitial-F centers recombina- 
tion model. 

ORIGIN OF SAMPLES AND EXPERIMENTAL 
TECHNICS 

All samples used have been cleaved from 
the same Harshaw block. Ionic conductivity 
and flow-stress measurements^ have been 
done at the laboratory: the crystals have a 
very low impurity concentration. These 
results are close to the analysis of Klick and 
his coworkers [ 1 7J on LiF samples of the 


♦Cagnon has observed a flow-stress of 80 g per 
in non-irradiated samples [20], 


same origin, the only impurity present with 
an appreciable concentration being oxygent. 
Taking no account of oxygen, we can consider 
that our samples were extremely pure 
(impurity concentration lower than 5 ppm). 
The Harshaw block has been slightly irradiated 
with y*rays to be cleaved; samples were plates 
of 15/100 to 25/ 1 00 mm thickness. They 
have been thermally bleached during one hour 
near500"C. 

frradiationsi]^. 19] 

Crystals have been irradiated with non- 
filtered X-rays with a copper tube (or molyb- 
denum) at 45 KV and 8 m/4. Samples were at 
4cms from the anticathode. In irradiations 
at temperatures lower than room temperature, 
the sample was in vacuum and brought into 
contact with the cool part of a cryostat 
filled with a cooling liquid. In this case, optical 
absorption has been measured at the same 
temperature as the irradiation temperature. 
Irradiations at temperatures between ^OO"" 
and 500°K have been made in an apparatus 
with oil circulation, the temperature of oil 
being regulated with a water bath. Finally, 
above 5()0°K we have used a small furnace. 
In these last cases, optical absorption of 
samples has been measured at room tem- 
perature. 

Optical measurements 

Optical measurements have been done with 
a Cary 14 spectrometer and the number of F 
centers calculated with the Smakula’s 
formulae. In the case of high concentrations, 
it is not possible to measure the absorption at 
the top of the F band: for each temperature we 
have measured the wavelength where the 
optical absorption is one half the absorption 
at the lop of the F band. We have thus extra- 
polated the F band absorption. The error 
introduced is not larger than the error due to 
the measurements of the crystal thickness: to 

tWe have effectively measured in the near infrared an 
absorption band at 2-7 /i which could be correlated lo the 
O 2 impurity(21]. 
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obtain high f center concentrations, we have 
studied very thin crystals and we have intro- 
duced an important relative error on the 
thickness measurements (this last error is 
systematic and does not vary with the X-ray 
dose for a given sample). 

In all cases, the number of complex centers 
of small size (M.R.N-i) was much less than 
the number of F centers. The number of M 
centers, the most numerous, was less than 
8 per cent of the number of F centers: 
for example, in a sample irradiated 181 
hr at 50°C*, 1*02 x 10^® F centers per cc have 
been formed with only 7-5xW^M centers 
per cc. The M center absorption gives an 
absorption band in the F band equal to 70 per 
cent of the absorption of two F centers [22]: 
the correction to obtain the exact number of 
F centers (isolated + coagulated into M cen- 
ters) would be no larger than 5 per cent. Such 
a correction, which is of the order of magni- 
tude of the experimental error, has not been 
made. 

Study of clusters by small anf^le X-ray 
scatterinf' 

t.arge clusters of F centers are in fact 
aggregates of lithium atoms whose electronic 
density is very low compared with the 
density of the whole crystal. When the size of 
clusters is between five and a few hundred 
angstroms, they can be studied by small angle 
X-ray scattering. A beam of monochromatic 
X-rays of wavelength \ with normal incidence 
to the surface of the LiF crystal is scattered by 
F center clusters (Fig. 1 ). If these defects have 
a relatively uniform size, the scattering curve 
can be approximated by a gaussian in the 
domain of small angles [24]. The scattering 
powert is written: 

/(€) = N(p-po)'T“exp(-ll^) (1) 

*The efficiency of the M centers formation is the 
largest (23) at that temperature. 

tThe scattering power is the ratio of the intensity 
scattered by the sample to the intensity scattered by one 
electron in the same experimental conditions. 



Fig. I . Small angle scattering of X-rays. 


N being the number of aggregates of volume 
K, p-po being the difference between elec- 
tronic densities of aggregate and crystal, R 
being the radius of gyration of an aggregate. 

From the analysis of experimental curves, 
one can determine: ( I ) their radius a which for 
spherical aggregates is 

a={5l3y‘^R ( 2 ) 

(2) the total number of aggregates per unit 
volume of the crystal. 

One can deduce from these two results the 
number of F centers included in these clusters 
that is to .say the equivalent concentration of 
F centers per unit volume. 

In the case of small clusters, the scattering 
power is very low. It is necessary to use an 
extremely sensitive apparatus: measurements 
have been performed with the apparatus built 
by Levelut[25] using the CuK„ radiation 
(X= 1-54A). 

I. FIRST PART-EXPERIMENTAL RESULTS 
{\) F center creation at room temperature 

At room temperature, the number of F 
centers increases proportionately to the 
square root of the irradiation time in a con- 
centration domain included between 5X10*^ 
and 1 X 10^® F centers per cc (Figs. 2 and 3). 
For a given irradiation time, the number of F 
center created is proportional to the square 
root of the radiation intensity (Fig. 4). 

(2) F center creation at temperatures larger 
than 300°K 

The creation law iV/i == is always 
observed in samples irradiated above room 
temperature (Fig. 5). The constant K varies 
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/Irndiq^ timt (h^) 

big 7 Variations of the numbei of /’ centers vs the squaie 
root of the irradiation lime in l.ih’ crystals X-n radiated below 
room temperatiire 


is 420"K. The optical absorption observed at 
5000 A by thermal bleaching al 530“K of I.iF 
irradiated at room temperature f 26 J becomes 
visible al 480‘^K and is important at 520°K 
(Fi^. X); we have suggested that this band 
could be due to an electron excess color cen- 
ter larger than the N center; such a suggestion 
seems confirmed by the formation of this 
defect by irradiation at high temperature. On 
Fig. 9, we have represented the optical density 
of the lop of the absorption hands for each 
complex color center versus the irradiation 
temperature after an irradiation lime of 60 hr. 

Measurements by snuifl an^le X-ray scat- 
tering: optical methods do not permit the 
observation of large aggregates of F centers. 
But we have shown that small angle X-ray 
scattering can give this information on these 
aggregates. This method is much less sensitive 
than optical method: for each irradiation tem- 
perature, we have just studied the more 
strongly irradiated samples. Experimental 
results are represented on Fig. 10"* ; in ordi- 
nate the scattering power taken back to one 

thank Mrs Dartyge who has performed these 
expenments. 



Fig. S. Optical absorption spectrum of IjF crystal 
irradiated at 520"K 

per molecule of LiF, i.e. with the gaussian 
approximation 
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Ttmpfrature 

hig 9, Optical density of the lop of the absorption band 
for each complex color centers vs, the irradiation tem- 
perature after an irradiation lime of 60 hr 

A being the ratio of the number of clusters 1 1), so that we can determine in the same time 
versus the number of LiF molecules in the the size and the number of aggregates. In 
same volume of crystal. Table 1 we have brought together all the re- 

When irradiation temperature is higher than suits obtained as a function of temperature 
420°K, large aggregates of F centers appear and irradiation time, 
and their size is relatively uniform; the One can see that the total number of F 
scattered intensity obeys Guinier’s law (Fig. centers created at high temperature (isolated 4- 


Tahle I . Agf^regates ofF centers formed by irradiation 


Irradiation temperature 

473“ K 

523“K 

593“K 

Irradiation lime (hr) 

116 

23K 

123 

Number of isolated F centers 
percc (optical measuicments) 

o 

X 

5 9 X 10'« 

2 3x 10'** 

Size of aggregates (A) 

10 

11-7 

14<6 

Number of F centers in one 
aggregate 

262 

427 

S20 

Number of agglomerated F 
centers pcrcc 

2 X !0‘« 

3Tx 10”* 

61 XIO*'* 

Total number of Fcenteis 
(isolated + clustered) 

7-9 X tO'"^ 

9 2X l()'« 

S-4x lO’"* 

Number of F centers formed in 
the same conditions al 3(K)“K 

lo.sx lo'" 

1-47X I0'» 

1-06 X 10*“ 

Number of agglomerates per cc 

0'76x 1(V'> 

0-77 X 10'** 

0-74 X 10‘* 



\m 


P DilRANDe/d/. 



f tg 10 The scutlerinp X-ray ptiwer vs. scailenng angle 
m samples X-irracliatcd a[ several temperatures 
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hig. 11 Ohservalum uF a Cjuinier’s law Ibr the scattered 
intensity in the three samples of Fig 1 0. 

ciusiered) \s approximately the same as the 
number of F centers which are formed at room 
temperature when no clustering effect is pre- 
sent. One can also observe that the number of 
clusters is the same in the three cases 0-76 
X 10*'’ per cc) though their sizes are different. 
This experimental result seems to indicate 


that they are not randomly formed, but grow 
on determined sites of the crystal (impurities 
or other defects). 

2. SECOND PART -INTERPRETATION OF THE 

RESULTS IN A RECOMBINATION MODEL OF 

INTERSTITIALS WITH F CENTERS AND TRAPS 

We have experimentally obtained a simple 
law of F center generation in th e vic inity of 
room temperature: = K^/\Tt), This 

generation proportional to the square root of 
the irradiation time has already been observed 
in other alkali halides, as reported by Gold- 
stein [27] for potassium iodide irradiated with 
ultraviolet. Similarly, if one reconsiders cer- 
tain experimental results, one notices that 
some growth curves are parabolic: Etzel and 
Allard[ll] in natural NaCl crystals (Baden); 
Srinavisan and Compton [10] in KBr puri- 
fied by zone melting; Rabin and Klick[28] in 
pure NaCI; Sonder and Templeton[l2] in 
pure KCI before saturation. It then appears 
that the law which we observed in LiF in the 
range of strong concentrations would be a 
general and intrinsic law as it has only been 
observed in the purest samples. 

In order to interpret these results, it is 
necessary to conceive a formation process 
leading to a generation rate of F centers in- 
versely proportional to the number of F cen- 
ters present in the crystals (dNyIdta MNf,'). 
(ioldstein(27J with Pooley’s hypothesis has 
proposed a mechanism based on the altera- 
tion of the primary process due to F centers 
already created. This LUggestion has the dis- 
advantage of not taking into account inter- 
stitials mobile at this temperature (cf. the 
Uela s results [29]). Varley[30J tried for the 
first time to take into account the recombina- 
tion of interstitials and F centers: the F cen- 
ters created after irradiation correspond to a 
certain number of interstitials trapped on the 
dislocations or grain boundaries. His model 
leads to a generation of F centers proportional 
to the square root of /, but it appears that the 
number of dislocations is insufficient to ex- 
plain the high F center concentrations which 
one can obtain. By analyzing experimental 
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data from a similar point of view we shall 
show that interstitials recombine with F 
centers. In order to establish our model, we 
shall also discuss the nature of the traps which, 
by trapping interstitials, permit the creation of 
F centers. 

( 1 ) Introduction of the model 

The interstitial F center recombination was 
essentially revealed by a method of irradiation 
pulses. During the irradiation pulses, one 
could observe transient color centers which 
then rapidly disappear. Schulman and Boag 
[31] have studied LiF, NaCl, KCl and KBr 
at room temperature: they found many trans- 
ient bands in the ultraviolet, and they have 
attributed these bands to hole centers (//, 
Fft . . .). Compton [32] found that in KCl and 
KBr the number of F centers continues to 
increase several microseconds after the end of 
the irradiation pulse and that a large number 
of F centers disappears spontaneously after a 
few seconds. It is quite probable that these F 
centers arc destroyed by the trapping of H 
centers mobile at this temperature. Finally, 
much more recently, Ueta[29] performed a 
systematic study in KCl and KBr and mea- 
sured the activation energy for the disappear- 
ance of H centers. He has shown that a portion 
of H centers and of centers (probably an 
H center associated with an impurity[33]) 
recombined among themselves or with F 
centers. Other experimental methods indicate 
that interstitial-vacancy recombinations occur 
under irradiation [34, 35]. 

In LiF, it is only very recently that Chu and 
IVIieher[36] have shown evidence for the H 
center: a halogen atom associated with an ion 
to form a molecular ion X.f in a (111) direc- 
tion. This defect becomes instable above 60°K 
so that H center is very mobile under ITK as 
in other alkali halides. 

Knowing that interstitials formed by irradia- 
tion in LiF remain in the crystal [29], we shall 
discuss in our interpretation a model in which 
the interstitial-vacancy recombinations play 
an important part. The interstitials not cap- 


tured by the F centers are then trapped by 
traps. At first, we shall assume that these 
traps are in a fixed number, that they have an 
infinite capacity. We shall discuss later this 
approximation. 

(2) Approximate theoretical solution 

We shall assume that the number of 
interstitial-vacancy pairs directly created per 
unit time is proportional to the radiation in- 
tensity: KI pairs per cc per sec, / being the 
radiation intensity. We shall also assume that 
these pairs are created continuously during 
irradiation and that, during irradiation, there 
exists X free interstitials per unit volume 
uniformly distributed in the crystal. 

We shall assume that at time /o the crystal 
contains a number T of F centers and N traps 
and that the interstitial lifetime under these 
conditions at a temperature T of the experi- 
ment is small compared with the time /o, that 
is to say, small compared with the duration of 
irradiations. We shall therefore assume that 
the number of F centers is practically constant 
during the lifetime of an interstitial (steady 
state approximation). Our calculation will 
therefore not be valid during the first stages of 
irradiation. 

Let us consider the evolution of an inter- 
stitial created at time /„ (t= 0). Let x be the 
probability of existence of this free interstitial; 
X obeys the equation (4): 

<ixldT = -KyxY-K.^N. (4) 

The first term of the expression on the right 
represents the recombination interstitial- 
vacancies, the second term, the recombination 
interstitial-traps, Kj and K 2 are coefficients 
which take into account at the same time the 
mobility of interstitials and the effective cap- 
ture cross section of interstitials by a vacancy 
or by a trap. Only the mobility varies with 
temperature, that is to say that the ratio 
KJK 2 is temperature independent. 

Y being constant during the lifetime of the 
interstitial, one can solve equation (4): 
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xir) = e\[>- {K,Y+ K.,N) t. (5) 

During interval of time dr„ about t„. Kld!„ 
interstitials have been created. At time 
t = /(i+T. there remains liX given by ex- 
pression (6); 

dA" = Klx(i~ f„} 

= KI{ii\p~{KiY + K.,N){l-t„)]dti, (6) 

the total number of free interstitials per unit 
volume after time / of irradiation is given by 
(7); 

X{t] 

= [ /(/(exp-(A'|}'+A'.,A)(r--/|il}d?„.(7) 

Jt» <1 

vSincc (he exponential is only different from 
zero in the vicinity of / = we can assume 
that Kis constant in the integral (7): 

A' ( / ) - A7 { 1 - exp - ( A', y' -f K,N }f]l 

(A,K + ArM. (H) 

In expression (8), for a snlfjciently great 
duration of irradiation, the number of free 
interstitials X is approximately inversely 
proportional to the number Y of F centers. 
This expression is only valid under irradiation. 
If one stops the irradiation, free interstitials 
disappear in very short lime. 

Wc can calculate the probability vIt-) of 
having an F center left after time r. I.et .v,(t) 
be the probability for the interstitial considered 
above to recombine with an F center, yir) — 

1 and 

d.v,/dT“ A,x>'= A,y'exp- (A,T+ A../V)t 

(9) 

.V, = (h; 

A,K{l-e\p-(A,K4-A,A^)T}/(A,T + Ax/V). 

( 10 ) 

Then: 

y(T)- A,/V/(A,T4~A,/V) 

+ A,T{exp-(A,yTA,/V)(r-/,)}/ 
(AiTTA^A/). (II) 


This expression contains two terms: a term of 
the steady state stage inversely proportional 
to the F center concentration in the crystal 
and a term of the transient stage which leads 
to an excess of F centers under irradiation. 
When the irradiation is interrupted, only the 
contribution of the steady state regime re- 
mains. Of the A/ d/o F centers created under 
irradiation, there will therefore remain 
dV- /(/}>( d/,tF centers after final 
recombination. Thus neglecting the second 
term of equation (II) and writing that / = /y. 

dV/d/ = A7A,yV/( A,y T A,N). (12) 

(a) /^e/iiwiour in the vicinity of room 
temperature. Around 3()0°K, the interstitial 
lifetime is so short (from Ueta's results[291) 
that one can neglect the transient term of 
equation (11). Hquation (II) gives then: 

A,y‘/2 + A,Ny- A/AoNr. (13) 

As the number of F centers is large, one can 
assume that almost alt interstitials recombine 
with F centers, that is to say that A, Y K^N. 
It therefore follows: 

T= (2A/A,/VFA,)'/^ (14) 

Law of therefore Y varies pro- 

portionately to V// in agreement with our 
experimental results. 

Behaviour a.s a funetion of temperature: as 
Ki!K., is temperature independent Y(t) will 
only vary with F if A x A/ varies with T. 
According to our experimental results, one 
sees that this rate is temperature independent 
between 200^^ and 4()(TK in LiF: this would 
indicate that A/V is almost independent of T in 
all this range of temperature. We shall discuss 
this in more detail later on. 

(b) Behaviour at hi^h temperature. Accord- 
ing to our calculation, the total number of F 
centers generated must increase propor- 
tionately to the square root of t. But at high 
temperature (7' > 400°K), a portion of the F 
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centers cluster to form agglomerates, whose 
sizes increase with the irradiation tempera- 
ture. Results of small angle X-ray scattering 
show that large size clusters are formed 
rapidly and that the total number of F centers 
formed (isolated + agglomerated) for a given 
time of irradiation is almost the same as at 
room temperature. Such a result seems to 
indicate that there is a thermodynamical equi- 
librium under irradiation between F centers 
and clusters of F centers of which the number 
IS almost constant and of which the size in- 
creases slowly during irradiation. For a given 
temperature, the ratio of the clustered F 
centers to the isolated ones should be the 
same, so that the total number of F centers 
(isolated -h clustered) should increase pro- 
portionately to V7; if such a thermodynamical 
equilibrium exists, the number of isolated F 
centers will obey the same law. In other words 
the number of F centers should always be pro- 
portional to the Vi(K = /tv7) but the co- 
efficient A should diminish when the irradiation 
temperature increases, which is in good agree- 
ment with our experimental results. 

Finally, the observation of large clusters of 
F centers by small angle X-ray scattering con- 
firms the existence of large interstitial clusters. 
Indeed, in the case where only small inter- 
stitial clusters would exist, they would be in 
large number and the F centers would annihi- 
late with these small clusters before being able 
to agglomerate among themselves in large 
numbers. 

(c) Behaviour at low temperature. At low 
temperature, the interstitial lifetime increases. 
One can therefore predict two effects which 
shall overlap. On the one hand, the transient 
term of equation (11) can become important, 
the number and size of traps of interstitials 
varying little with respect to irradiation at 
room temperature. On the other hand, the 
interstitials now have the time to meet other 
interstitials and thus form small clusters. 

The second effect has already been experi- 
mentally observed: the Oak Ridge group[37] 
in KCl and Comminsl38] in KBr have shown 


that the size of interstitial clusters is smaller, 
the lower the temperature of irradiation. 
Cagnon[39], in LiF, comes to the same con- 
clusion from measurements of the elastic 
limit. It is difficult to treat such a problem 
theoretically and therefore in this article, we 
shall not try to interpret our experiments in 
samples irradiated at low temperature. 

3. EXPERIMENTAL VERIFICATION OF THE 
MODEL: DISAPPEARANCE OF 3/ CENTERS BY Af 
CENTER-INTERSTITIAL RECOMBINATION 

We have repeated and completed in LiF 
experiments originally done by Schnatterly 
and Compton in KCI|34]. For this purpose, 
we have irradiated under different conditions 
(at temperatures below the temperature of 
formation of M centers) crystals containing 
excess electron centers created by irradiation. 

In Fig. 12 (curve a) one sees that the 
disappearance of M centers proceeds in two 
steps, first a rapid one, and then a second and 
slower one which can be described by first 
order kinetics, in agreement with results 
already published on KCl. The first step is 
due to an electronic rearrangement; the elec- 
trons freed by irradiation transform the F^^ 
centers into R centers (Fig. 12. curve b), 
which leads to a rapid decrease of the M band 
as the absorption band of the F;C center over- 
laps with that of the M ccnier[40]. We have 



Fig. 12. Variulion of the M and R, bands vs the nradia- 
tion time in Lih crystal irradiated at 196‘'K (sample was 
previously •y-irradiated, dose - 2x 10' (a) Variation 
of the M bund, (b) Variation of the R., bund, 
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only Studied the second step which we can, as 
Schnatterly and Compton, attribute to a re- 
combination of interstitial on M centers. 

(a) Theoretical results: disappearance of M 
centers via interstitials M centers recombina- 
tion 

When the interstitial lifetime is sufficiently 
small, equation (8) which gives X(t), the 
number of free interstitials under irradiation, 
becomes: 

X{t) = KIKKyY^K.N), (15) 

If one irradiates a crystal containing a number 
Zof M centers (formed by irradiation at room 
temperature), at a temperature where the a 
centers are not mobile, these centers will 
disappear obeying the following kinetics: 

dZ--X,A'Zd/ ( 16 ) 

Ki being a coefficient which depends on tem- 
perature as A", and K.. It therefore follows: 

ii/J/^~K,KldtHK,Y-hK,N). (17) 

Assuming that during the disappearance of 
M centers, the number Y of centers varies 
little, and that this number is sufficiently big 
so that A, y > one obtains: 

Z-Zoexp{-A,A7i/-/„)/A,n (18) 

Zii being the number o\' M centers at the be- 
ginning of irradiation. 

(b) Experimental results, verification oj 
equation (18) 

First order kinetics: according to our model, 
the M centers should disappear according to a 
first order kinetics; this is in good agreement 
with the observations of Schnatterly and 
Compton in KCI and with ours in LiF (Fig. 1 1, 
curve a). 

Variation of the speed of the kinetics with 
the number of F centers: according to our 


model, the straight line logZ/Zo as a function 
of / has a slope of - AgAZ/AiK, that is to say a 
slope which is inversely proportional to the 
number of F center. We have experimentally 
verified this theoretical result in samples 
containing various concentrations of F 
centers (Fig. 13). This result is important in so 
far as it confirms that M centers disappear by 
trapping of interstitials and not by dissociation 
under irradiation (there would then be no 
reason for the speed of the kinetics to depend 
on the number of F centers present in the 
crystal). 

This result is also important as it permits us 
to obtain the quantity AyAZ/Aj, that is to say 
a value close to A/ the primary rate of 
generation, as Ay and Aj do not differ by more 
than a constant geometrical factor, ratio of the 
effective capture cross sections of an inter- 
stitial by an F center and by a Af center 
Ay/A, - 2. ^ 

Variation of the speed of the kinetics with 
radiation intensity: in accordance with 
theoretical predictions of equation (18), we 
have found the rate of disappearance of M 
centers to be proportional to the radiation 
intensity. We have displayed, in Fig. 14 our 
results on a sample previously irradiated with 



! ig. 13 Variation of the disappearance speed of the M 
band under X'irradmtion at 196°K vs. the inverse number 
of F centers (equation ( 1 8)). 
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I'ig. 14. Variation of the disappearance speed of the 
M band under X-irradiation vs. the radiation intensity. 

y-rays (3*3X10^ Roentgens at 320°K) and 
re-irradiated with unfiltered X-rays from a 
tube with a copper anticathode (the abscissa 
is the radiation intensity and the ordinate, 
-d logZ/d/, Z being the M center number at 
timet). 

Variation of the speed of kinetics with 
temperature: as Schnatterly and Compton in 
KCI, we found that the speed of the kinetics 
represented by equation (17) depends on 
temperature. We have obtained in two differ- 
ent samples an activation energy of 0*11 eV 
(Fig. 15). According to our model this result 
would mean that the quantity K obeys the 
equation: 

|X = X,exp-W 
IwithIf-O'lleV ^ ^ 

that is to say the rate of primary generation of 
Frenkel pairs varies very simply with tempera- 
ture. 

These experiments form a verification of 
our initial hypothesis: the F center creation is 
strongly conditioned by the recombination of 
interstitials with F centers. 

4. DISCUSSION OF VARIOUS RESULTS 
The calculation which we have made leads 
to an F center generation proportional to Vt\ 
which is in perfect agreement with our experi- 



Fig. 15. Varmtion of the logariihm of the disappearance 
speed of the M band under X-irradiaiion vs. I {T measured 
in Iwo crystals containing ditferenl concentrations of 
F centers, 

mental results. These experiments which we 
have performed on the M center disappear- 
ance by re-irradiation at low temperature 
have shown that the choosen model is the 
good one as it permits the prediction of the 
various observed effects. In this paragraph we 
shall discuss the previous hypothesis. 

(I) Primary creation rate K I 

In our calculations, we have made the 
hypothesis that irradiation creates Kl 
Frenkel pairs per unit time, the free intersti- 
tials recombining later on with traps or with 
F centers: this hypothesis is experimentally 
verified by the measurements on the kinetics 
of M centers disappearance during re- 
irradiation under 260®K. The primary effect 
is therefore proportional to radiation intensity. 
This important result excludes a certain num- 
ber of proposed mechanisms for the primary 
process: in particular, the mechanism involv- 
ing the simultaneous ionization of two neigh- 
bouring halogens which would lead to a prim- 
ary creation proportional to the square of the 
radiation intensity |6]. 
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It is more difficult to interpret the tempera- 
ture variation of K (equation ( 1 8)). In particu- 
lar. in KCI, by similar methods, Schnatterly 
and Compton [34] have observed an activa- 
tion energy of 0-07 eV which they have inter- 
preted as the interstitial activation energy; 
Itoh. Royce and Smoluchowski[351 have 
obtained the same activation energy for an 
interstitial halogen ion. Finally, Ueta[29] in 
recent experiments by pulse irradiation has 
obtained a similar activation energy for the H 
center disappearance. It therefore seems that 
the primary process depends on the mobility 
of interstitials. Further experiments should 
therefore permit one to understand the pri- 
mary process of defect formation. 

Finally, one can compare the creation rale 
Kl measured from equation (18) with the 
energy received by the crystal. With a copper 
anltcalhode X-ray tube and a sample situated 
approximately 5 cm from this anlicalhode. one 
can estimate the energy flux on the sample to 
be 5 X 10"' eV/sec cm“. After about an hour of 
irradiation approximately centers per 

cc arc formed in a 0*2 mm thick sample which 
only retains ten per cent of the incident 
energy. One could then easily verify that one 
needs approximately 10* eV in order to create 
an h' center. Kf can be estimated from equa- 
tion ( 1 8). With the same radiation at 196°K, we 
have measured: 

- d log /Jdt ^ K^KUK.Y^ 3 04 x 10 ’' sec ' 

( 20 ) 

in a crystal containing approximately 5 X 10"^ 
F centers per cc. Assuming that the effective 
capture cross section of an interstitial by an M 
center is approximately double that by an F 
center [KJKi - 2) one then obtains: 

A:/(I96°K)-7-6XI0"* 

and 

■A:/ = 4*9x W^c\p-WlkT 
> = 0’lIeV. (21) 


In a crystal 0*2 mm thick, we shall then 
expect 9-4 X 10^^ exp- If Frenkel pairs 
created per unit time. Only 5 x 10*' eV/sec of 
in incident radiation is absorbed in the 
crystal: so that at high temperature, only few 
electron-volts will be necessary (approxi- 
mately 7 eV according to our estimate) to 
create a Frenkel pair. Such a coarse estimate 
brings us back to Pooiey’s mechanism of 
deexcilation of an exciton, 

(2) interstitial lifetime 

It would be interesting to see from our 
mea.surements if the interstitial lifetime in 
LiF is small as we had assumed in the begin- 
ning of our calculations. This lifetime r can be 
deduced very simply from equation (5 ): 

T-* = ^:,y+A:,iV. (22) 

Kj and K>, depend only on the interstitial 
activation energy. As mentioned above the 
inlerslitial activation energy is unknown. 
However Chu and Mieher[36J in laF have 
observed that the (HI) orientated H center 
becomes unstable al 60^ K. The jump fre- 
quency vQ\p — WjkT equals one al this tem- 
perature with If = 0‘ 15 e V. We shall take this 
estimated value as the activation energy of H 
centers in LiF. 

It is now easy to calculate the coefficient 
by assuming a random diflTusion. If Z is the 
number of halogen interstitial sites neighbour- 
ing an F center and the number of inter- 
stitial sites per unit volume, the probability 
of destroying an F center by an interstitial can 
be written as: 

ZXpJN, (23) 

where 1 ^,= txp-W'jkT is the interstitial 
frequency jump. It then follows that: 

(24) 

In LiF with results of Chu and Mieher (8 
interstitial positions for each halogen ion) 
No = 4*6 X 10-^Z = 8 and v = 10*^ sec"*: 
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A:, = 8XlO-”exp-Jf'7itr (25) 

being the activation energy of the // center. 

In order to calculate the interstitial lifetime, 
we must also know the quantity K^/V. Assum- 
ing that the number of traps is constant, >^ 2 ^ 
can be estimated from experimental results by 
using equation (14) as we know all other 
parameters. In a crystal containing F 
centers per cc after a room irradiation of 
100 hr, we obtain*: 

/C2N = 3-lxlO'exp-If^^xAr (26) 

it is then possible to calculate numerically 
the order of magnitude of r at the beginning 
of irradiation ( K = 0) and when the number F 
centers is much greater than the number of 
iraps {K^y > N-yN). We have obtained the 
following results for different temperatures. 


irradiation lime increases. This assumption is 
verified by experimental results on the dis- 
appearance of M centers under A'-irradiation 
by interstitial trappingt. The rate of these 
kinetics is inversely proportional to the num- 
ber of F centers; if the number of traps were 
much larger than the number of F centers, 
one should observe a kinetics independent of 
Y (in equation (15). in the first case, X{i) ^ 
KljKiY and in the second case X{t) ^ 
KilK,N). 

One can say now that interstitials cluster 
and form aggregates whose number is 
smaller than the number of F centers. Such a 
result is in good agreement with several ex- 
perimental data: recently, Sonder and 
Walton [41] have deduced from thermal con- 
ductivity measurements at very low tempera- 
ture that the irradiation of KCI produces 
interstitial clusters, the size of which is larger 


Tabic 2. Estimation of the luilof^en intetstitial lifetime calculated 
from formulas (22), (25) and (26) 


Temperature 

Beginning ofirradiation 

with 5 X 10’” F centers 

rK) 

(sec) 

(sec) 

77 

67 

5'2 

200 

(M3x 10-'‘ 

10- 

300 

12-9X 10 " 

lQ-« 


The interstitial lifetime is always extremely 
short under the condition of course that the 
activation energy that we have used corres- 
ponds to that of the halogen interstitial. The 
steady stale approximation which we have 
developed above is therefore quite justified as 
well as the approximation in which KiY very 
rapidly becomes much larger than K^yN. 

(3) Discussion about traps 
In our calculation, we have assumed that 
interstitials are trapped by traps whose num- 
ber being constant becomes quickly much 
smaller than the number of F centers when the 

*lf Ki- Ki which is reasonable, one obtains N - 
3 9 X 10'^ per cc. Such a number of traps is reasonable if 
they arise from impurities. 


when irradiation lakes place at room tempera- 
ture rather than at low temperature. By the 
same method, Neumaier [42] has a]so observed 
large interstitial clusters in LiF irradiated at 
room temperature. These interstitials cannot 
form three-dimensional clusters because there 
is not sufficient room in the lattice: as in metals 
[43] they could form small dislocation loops 
the size and the number of which vary accord- 
ing to irradiation conditions. Under this 


tOne could also assume that free interstitials form stable 
di'interstitials: when the number of F centers is suffi- 
ciently large, interstitials are essentially trapped by F 
centers and the rate of disappearance of M centers would 
be also inversely proportion^ to the number of F centers. 
In appendix A, we show that such a model gives a crea- 
tion law for F centers in complete disagreement with our 
experimental results: 
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assumption, we shall now discuss our experi- 
mental results that is to say that KIK^NIK^ 
does not depend on the irradiation time and on 
the irradiation temperature. 

la) Variation oJ K^^N with the irradiation 
dose. The ratio K^NlKx is equal to {j-iNler^ in 
which O', and o-g are capture cross sections of 
an interstitial by an F center and by a trap. 
ai is obviously constant and does not vary 
during irradiation. One must therefore discuss 
variations of We shall analyse two cases: 
the first one where the size of the traps is con- 
stant and their number varies, the second one 
where the size of the traps varies during irra- 
diation and their number remains constant. In 
both cases we shall assume that traps are 
small circular dislocation loops all having the 
same radius r. These loops can only trap in- 
terstitials on their circumference, that is to say 
that (Tz is proportional to the radius of the loop 
(if there is no long or medium range interaction 
between the loop and free interstitials). 

(Tz constant and N variable: The total num- 
ber of interstitials trapped after an irradiation 
time t is equal to Y, Then N is proportional to 
Y with N -- A xY. Equation (4) becomes 

iLxldT^~K,xY~K,AxY (29) 

so that 

d>7d/-= KlK.YKKfY F KJY) ^constant. 

(30) 

In this case, the number of F centers created 
would be proportional to the irradiation time 
which is contrary to experimental results. 

cTz variable and N constant: The radius of 
(he loops is proportional to i.e. K^^A 
[A being a constant). Equation (4) becomes; 

djc/dT = -/C,.cK~/tjcT'^“. (31) 

The problem is solved as previously (the 
steady state approximation) and one obtains 
in the vicinity of room temperature: 


or, for high F center concentrations: 

YaUty^>\ (33) 

Here again, we find a theoretical law in dis- 
agreement with experimental results. But we 
have assumed that for a dislocation loop, is 
proportional to its radius: this is only true if 
there are no interactions between the loop and 
the isolated interstitials. If our hypothesis of 
small dislocation loops is correct, our results 
indicate that varies slowly with radius of 
loops: dislocation loops distort the lattice at 
a fairly large distance and the size of the 
interaction domain between a dislocation loop 
and an interstial should vary much less rapidly 
than the loop size (It is only true if the size of 
the interaction domain is much larger than the 
radius of the loop; it is the case of very little 
loops). 

Experimental verification of the weak varia- 
tion of the number of traps N with irradiation 
doses. There is a method capable of telling us 
if the number of interstitial traps varies with 
irradiation dose at a given temperature. This 
method which we have already mentioned 
previously was first used by Sender et u/.[371 
and repealed more recently by Cummins [38]: 
one studies the kinetics of disappearance of F 
centers at room temperature under irradiation 
with F light. The F centers transformed into a 
centers recombine on traps. We shall now de- 
scribe theoretically the phenomenon by 
assuming that we have a number T of f cen- 
ters, N traps and that, under F light irradiation, 
a portion pi of F centers is ionized (/ being the 
F light intensity). The F center number dis- 
appearance kinetics is then given by: 

dY^-pIYK,Ndt (34) 

K 4 being a factor in which appears the a 
mobility and the effective capture cross sec- 
tion of this center by one of the N traps. One 
then has: 


dYldt^KIAY^>^l(K,YFANY^^^) (32) Y,c\p{-plK4N{t-t^)} (35) 
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K() being the number of F centers at the be^ 
ginning of F light irradiation. 

If our model is correct, one must expect 
the number of F centers to decrease accord- 
ing to a first order kinetics and at a given 
temperature the coefficient of this exponential 
only to depend on / and N, 

We have irradiated a scries of samples 
previously coloured by y-rays with the help 
of an unfiltered mercury vapour lamp. We 
have observed that the F centers disappear 
according to a first order kinetics in the 
samples least irradiated*. In the most irradi- 
ated samples one observes a much more 
complex kinetics (Fig. 17): this result is 
interpretable in first approximation by assum* 
ing that the traps are not all of the same size 
and that their number varies under the u.v. 
irradiation. We have then measured the 
average slopes which are shown in the next 
table: 



Fig. 17. Varlationfi of ihe Jogarahm of the number of F 
centers vs. the irradiation time in LiF crystals irradiated 
with F light at room lempcralurc and containing different 
concenirations of F centers (7 doses: (a) 6 - 6 xl 0 */?, 
(b) l-Bx I0’«,(c)3-3x 10’«). 


Table 'i. Average value of pi speed of reaction (34) 


Dose (roentgens) 6 - 6 x 10 “ 1-32X10^ 1-65x10^ 2-31 x 10 ^ 3 * 3 x 10 ^ 

(equS34)) * 5 4 ‘(5xl0 » 5-30 x 10 « 3-55 x 10“* 



previously >-irradiated. dose == 6-6 x 10 ® Rl 


*One can easily see that the effect of F light is a dis- 
appearance of F centers by trapping and not a clustering 
to form agglomerates: in all the first stages of F irradia- 
tion, the number of M centers decreases abruptly while 
there is a corresponding increase in the number of F 
centers (Fig. 16). 


One therefore sees from the results obtained 
at room temperature under the present 
approximation that the number of traps is 
practically independent of irradiation timet. 

tAccording to equation (34), the rate of the reaction 
varies with temperature through p and is the rate 
of ionisation of F centers which varies very slightly with 
temperature and a diffusion coefficient which brings in 
the activation energy of the a center. In I.iF, indirect 
considerations [44] lead one to think that this energy is 
of the order of 1 eV. Therefore the kinciics[34| would 
vary very quickly with F light irradiation temperature 
But Dubois et a/. [45] found that the precedent reaction 
depends on temperature with an activation energy of 
0-!6eV, Identical experiments have led us to similar 
results. Such a disagreement can be interpreted by recall- 
ing that neither Dubois nor we have utilized purely mono- 
chromatic F light. It is therefore probable that the light 
used detraps interstitials (a loop of interstitials can give 
rise to an absorption band and an optical excitation could 
detrap an interstitial) and that the energy of 0 16 eV is the 
energy for such a detrapping after an optical excitation. 
In any case, whether the bleaching process is due to 
detrapping of interstitials or by vacancy diffusion towards 
traps, our results indicate that the number of traps varies 
very little with the irradiation dose. 
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(h) Variations of K^N with temperature. Lei 
us recall equation (14) giving the kinetics of 
generation of F centers and equation (19) 
giving the variation of K with temperature. 

(IKlK.NtlK.V^'^ 

K = K, exp - WIk T with W^{).\\e V. { 36 ) 

If KJK^ does not vary with temperature 
as we have assumed until now, Y will vary 
with T according to c\p — Wl2kl\ which is 
quite contrary to our experimental results 
as we have observed that the number of F 
centers is almost temperature independent 
between 200“ and 600°K. If our model is a 
good one, we must therefore bring in a correc- 
tive term in equation (14) which compensates 
for the variation of K with T. This term can 
be due to the variation of N with T: we have 
mentioned that the size of interstitial clusters 
is lower in samples irradiated at low tempera- 
ture than at high temperature [41]. This term 
can also be due to a variation of KJKi’. if 
traps are dislocation loops, the lattice is 
strained around loops and the activation 
energy of an interstitial will change when it 
arrives near the loop. However we are not 
able at present to explain correctly creation 
curves of F centers at different tempera- 
tures with our model but the discrepancy 
between experimental results and theoretical 
predictions is not contrary to the model. 

5. THE INTERPRETATION OF HARDENING BV 
IRRADIATION UNDER THE HYPOTHESIS OK 
SMALL DISt.OCATlON LOOPS 

In various alkali halides, the hardening by 
irradiation is observed to be proportional to 
the square root of the number of generated F 
centers [46]. In LiF irradiated at room 
temperature, Cagnon[47] has observed the 
same law. Until now, this result was inter- 
preted starting from a theory of Fleischer[48] 
according to which the hardening of crystals 
by point defects is proportional to the square 
root of the number of defects (in the dis- 


location slip plane the average distance 
between two defects is proportional to the 
square root of the number of defects in this 
plane). 

Under the assumption of a constant 
number of dislocation loops with a size 
increasing under irradiation, the problem 
becomes completely different. Saada and 
Wasburnf49J on the one hand and Kroupa[50] 
on the other have studied the effect of small 
dislocation loops on metal hardening. Their 
theoretical results are contradictory as the 
first ones have predicted that the hardening 
should be proportional io N ><r (N being the 
number of loops and r the loop radius, while 
the second one predicts a hardening propor- 
tional {0 (NX ry^'\ 

To the extent where dislocation loops made 
up with interstitials are neutral, the problem 
is formally similar to that of metals. In the 
absence of definite theoretical calculations, 
one can however say that, if the hardening is 
proportional to the square root of the number 
of F centers, i.e. to the square root of the total 
number of interstitials, it will also be propor- 
tional to the dislocation loop radius (their 
number remaining constant), in agreement with 
Saada and Washburn’s calculations. The 
assumption of dislocation loops therefore is 
not in disagreement with the hardening 
observed by various authors. 

CONCLUSION 

The model developed here gives a good 
interpretation of the creation of F centers 
in pure LiF between 200° and 600°K. Essen- 
tial points of this model are the following: 
free interstitials formed by incident radiation 
diffuse towards F centers or towards traps: 
to obtain a good agreement between theory 
and experiment, the number of these traps 
as well as the capture cross section of an 
interstitial by such a trap have to vary slowly 
with irradiation. Disappearance of M centers 
by irradiation below indicates also 

that traps are much less numerous than F 
centers in crystals containing more than 10*^ F 



CREATION OF F CENTERS 


1371 


centers per cc. Little dislocation loops of 
interstitials could be such traps if the size of 
the interaction domain between a dislocation 
loop and an interstitial varies much less rapidly 
than the loop size. According to our model, 
we would observe a variation of the creation 
rate of F centers with temperature which is 
not observed experimentally: however, we 
have admitted that the activation energy of 
the H center diffusing towards a F center 
is the same as when H centers diffuse towards 
a trap: if traps are dislocation loops, the crystal 
could be strained around a loop and the 
activation energy of an interstitial changes 
when it arrives near the loop. 

Other models give the same creation law 
for F centers, particularly, if one can consider 
that each incident particle of the radiation 
acts as an irradiation pulse at a microscopic 
scale whether interstitials form di-interstitials 
or big agglomerates. In Appendix B, we 
analyze this case in detail; studying conditions 
of application in lithium fluoride, we show that 
the probability of such a process is low. 

SUMMARY 

We display a certain number of experi- 
mental results on the generation of F centers 
in LiF and we explain these results with the 
help of a recombination model of free inter- 
stitials with F centers or traps. 

(I) Fxperimeniaf results in LiF 

Between 200° and 600°K, the number of F 
centers generated by X-ray irradiation is 
proportional to the square root of the irradia- 
tion time. 

At room temperature we have also observed 
that, for the same irradiation lime, the 
number of F centers increases proportionately 
to the square root of the radiation intensity. 

At higher temperature (7 > 400°K) a 
fraction of the F centers cluster to form 
agglomerates which can reach a radius 
of 10 A. 


(2) Theoretical interpretation in LiF 

Starting hypothesis: we assume that the 
radiation creates KI Frenkel pairs per unit 
time (I being the radiation intensity), that the 
interstitials thus created diffuse towards the 
F centers or towards traps. These traps 
quickly become less numerous than the 
number of F centers when irradiation time 
increases. The number of traps varies 
slightly with the irradiation time. 

With these assumptions, the calculation 
leads to a generation of F centers proportional 
to (ity'K 

This model is verified by studying the 
disappearance of M centers by X-ray irradia- 
tion under 250°K. It is shown that the M 
centers disappear after trapping of interstitials. 
The study of the disappearance kinetics per- 
mits directly to obtain the number of free 
interstitials under irradiation. One then 
verifies that this number is proportional to 
the radiation intensity and inversely propor- 
tional to the number of F centers in accord- 
ance with theoretical predictions. These 
measurements also make it possible to obtain 
the variation of K (rate of primary generation) 
with temperature: one then shows that K 
obeys the equation: 

K=^K,cxp-WlkT 
.with IT- 0-11 eV. ^ 
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APPENDIX A 

Creation of F center.s with the hypothe.^is of formation 
of di-interstitiaf.s 

It is reasonable to think that at room temperature, 
interstitials form big agglomerates (cf. our previous 
discussion). It is however interesting to ask what type of 
generation is expected in a case where interstitials would 
form di-intersliiials. Such a calculation has more than an 
academic interest as this defect probably exists in crystals 
irradiated in the vicinity of 80”K* We shall perform a 
calculation similar to the one performed above. Let us 
lake an mlerslilial created at lime / and x its probability 
of not being trapped. In the case of formation of di-inter- 
stitials, X obeys the following equation. 

dxldt-=-K,xY~K,xX. (A.l) 

As previously, one assumes that during the interstitial 
lifetime, the number F of F centers and the number X of 
free inierstitial.s vary very little. At lime r after lime /, 
one would have; 

x--cxp-{K,Y-^K,X}T (A.2) 

If Kl is the number of free interstitials created by 
irradiation per unit time, one would have; 


*As suggested by ltoh|511 the center observed in 
KCl and KBr could be this di-interstitial oriented along 
(100) directions which disappears thermally near 200^K. 
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X{t)-= Klt\p-{K,Y+KiX)T(lT (A.3) 

In Ihe vicinity of room temperature, the lifetime is 
assumed to be very small; 

K{t) - KliiK.Y^KJC) (A.51 

(/C,*r' + 4A^2AC/)^'2}/2/^2. (A.6) 

If we also assume that the number of F centers is big, 
i.e. that ^K^K}lK^^V <« 1* we obtain by expansion: 

X= KIlK,Y-KAKmK,^y^ + .. . (A.7) 

we can now calculate the number of F centers generated 
during a period of time dt: 

dYldt--KI-K,XY (A.8) 

using (A.7), it follows that. 

dY(dt = KAKD^tKy^Y^ (A.9) 



Ihus, according to equation (A. 10), we see that at room 
temperature, if one would form stable di-interstitials, the 
number of F centers would increase proportionately 
to and to The experimental results are in total 
disagreement with such a theoretical prediction (experi- 
mental results show that Finally Y depends 

on temperature through iKJKt^y^ while we found it to 
be temperature independent between 220° and 400“K, 

The hypothesis of di-interstitials stable at room 
temperature is therefore in disagreement with experi- 
mental results. At lower temperatures the various 
approximations which we have made are no longer valid 
and one should make a computer calculation similar to 
the one made for metals by Damask and Dienes [52]. 

APPENDIX B 

Theformution ofF centt^rs during pulse irradiation 
The theoretical treatment of pulse irradiations is valid 
in the two following cases: in the case when the time 
which separates two irradiation pulses is much larger 
than the recombination time of interstitials, and also in the 
case when one can consider an X photon as a pulse on a 
microscopic scale. In this second case, it would be 
necessary for the energy of the X-ray photon at the time 
when it disintegrates on an electron on site fo to be 
contained in a sphere of radius R centered at Tq and such 
that, during the lifetime of interstitials, the various 
spheres don’t overlap. In LiF, we shall show that this 


*^K 2 KI- {KyYy is of the same magnitude order as 
With our previous estimations* AKl =* 10’’ 
exp-IF/*T (equation 22) and KiY^ lO^exp-lf/kr 
(equation 25) with lO^’F centers per cc. The preceeding 
inequality is verified. 


hypothesis is not valid. We shall consider two cases 
successively. On the one hand, as previously, we shall 
assume that interstitials are clustered in traps the number 
of which varies little during irradiation. On the other hand, 
we shall assume that interstitials form stable di-inter- 
stitials. 

{ 1 ) Finite number of traps with infinite capacity 

Study of a pulse. At time tir = 0), we already have a 
number T of F centers and we suddenly iryect Xf, mter- 
siiiials. If X is the number of interstitials: 

dXldr = -K,XY-K.iNX (B 1) 

dYfd7 = -K,XY (B.2) 

if we assume that Y is almost constant between two pulses, 
we obtain: 

X = XoQ\p-{KiY^K2N)7 (B.3) 

We can then simply show that the number of F centers 
created during this pul.se is given by the following 
expression; 

^Y^ K.iNXJ(KJ+K2N). (B.4) 

Generalization to P pulses per sec. The AT F centers 
are created during a time A/ such that P x Af = 1 , P being 
the number of pulses per unit time We can wnte expres- 
sion (B.4) under the form; 

^Y^PK^NKAHiKyY-i- K,N). (B 5) 

If we assume that K^N < /C,y. we can then integrate 
(B.5), which gives; 

T= {IPK^NXotfKyy^'^. (B.6) 

If /p is Ihe intensity of the pulse (proportional to the 
number of incident particles per pulse) 

^o = A:/p. {B.7) 

K being a constant which describes the primary process. 
We then have* 

(P/pf)*'* (B.8) 

The number of F centers generated is then proportional 
to the square root of the number of pulses per unit time, 
of the intensity of each pulse and of time. 

(2) Formation ofdbtntershtials 
Study of a pulse. In this case, equations (B.l) and 
(B.2) can he written 

dXldr^-KyXY-K.y- (H9) 

dYld7 = -K^XY. (B.IO) 

Assuming Y to be constant we obtain. 

X -- K^X^^Y exp -K,Y7j{ ( A' , T + KM 

-XoA^exp-AiTi} (B.in 
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The number Vo of F centers destroyed by trapping of an 
interstitial during a pulse is: 

Yn = jl K,Xy^r (B 12) 

y„ = |/c,nog(i+^-|!))/K, 1B.I3) 

f he number o( h centers created during this pulse will be. 

.i >' = A-„ - n =■ .V„ - { ^ log ( K ( B 1 4 ) 

If we assume that there already is a certain number of 
F centers, K^XolK^V I and that we can espand the 
logarithm in expression (B. 13), we obtain. 

K:X,-12K^'-^... (HJS) 

iii'nmiliTatum with F pulses pei si‘( 1 he AT F cenict s 
arc created dui ing a time A/ such that Fx M -- I 

SY ^ PK,Xu*^ll2KJ (H lb) 

Y- ’ (R 17) 

oi writing that A'l, ^ ^ (eituation (R 7)) 

Y ■/- J„{Fn'' (H IS) 

tn this case, the number oi / centets ciealed must he 
proporijonal to the square lool of ihc numbci of pulses 
pci second and irradiation time 

Wc (hen see that the theory has led us to a generation 
law pioportional to the squaic root ot irradiation time, 
whclhci interstitials arc captured by a constanl number 
ol traps 01 the same micislitials lorm stable di-inter- 
stitials. 

If an X'tay imdialioti can be consideicd as a pulse 
inadiation, it would be normal to observe a law' in squai'e 
root of t However, we shall show that such a hypothesis 
Is not leahsiic 1 or this purpose we shall use the values 
calculated by Mis, Ronnelle for the mean fiee paths of 
characlciistic K line radiations emitted by the b and 


Li^ ions in LiF and the mean free path of photoelectrons. 

(a) Absorption of the chorncteristk K radiation emitted 
by h~ and in LiF, The absorption coefficient of 
K„F ( 18-27 A) is equal to 2430 cm': if one assumes that 
the intensity of radiation is negligible when it is reduced 
to 1 percent of its original value, the thickness of laF- 
in which the absorption takes place is ?, = 19 p,. Taking 
into account the experimental data or existing approxi- 
mations, It IS difficult to calculate the absorption 
coefficient of of Li (240 A) One can only say that its 
absorption coefficient will vary much more than that of 

a;/. 

(b) Trajectory of 45 keV electrons tn LiF. The photo- 
electrons created by irradiation have at the most an 
energy of 45 kcV. which is the maximum energy of 
incident photons. If one assumes the relation proposed 
by Young [531 tin principle valid under 20 keV), one 
would get for the mean IVce path' 

- 0 042 X pJpuY tB 19) 

I he practical trajectory, often called the penetration 
depth, IS the thickness of a foil beyond which one can no 
longci detect any incident particle. It is obvious that 
elections do not propagate in (he medium along a straight 
line and the real average trajectory of elections defined 
as the average length travelled by the particle bcfoie 
losing all its kinetic energy is longer than the practical 
irajeciory. It can be one to three times longer, 

.So It IS seen that the energy ot a photon, from the time 
when ii is transferred to an electron, will be entirely 
contained in a sphere with a radius tar greater than 19 /jl. 
An order of magnitude calculation shows that under 
experimental conditions, about X photons dis- 
iniegraie per unit volume and per unit time, that is to say, 
a volume of I0'“A' lor each photon If interstitials 
iccomhine in about 10 ‘ seconds al room lempcrature. 
one can consider that during this lime, the photon dis- 
integrates m a volume 10''* A‘', We see that ihi^ volume 
IS much larger than (he volume in which the energy of 
the disintegrated photon is localized in the same point 
o( the crystal, there will therefore be inicrsinials created 
by many photons at the same time and one cannot say that 
the photons arc behaving as pulses 
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INTERPRETATION OF THE CREATION OF F 
CENTERS BY IONIZING RADIATION ABOVE 77°K BY 
A RECOMBINATION MODEL OF INTERSTITIALS AND 

VACANCIES 
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Abstract- In pure sairtples, the first stage of F centers creation by ionizing radiations is not observed 
one explains theoretically the creation of F centers assuming that interstitials formed by the primary 
process diffuse towards F centers or toward traps which are big aggregates of interstitials. With this 
model, one can also explain the saturation which has been studied by Sondcr and Templeton. Addition 
ofol her traps (surfaces, dislocation lines, impurities) changes the theoretical creation curve and permits 
one to partially explain the first stage of Teenier creation in alkali halides. 


1. INTRODLCTION 

In the preceding paper flj, we reported a 
study on the creation of F centers in pure 
LiF irradiated by X-rays between IT and 
650'^K, We have observed that the number of 
F centers above 220°K increases proportion- 
alcly to the square root of the flux I XL I 
being the radiation intensity and t the irradia- 
tion time. We have thus developed a model of 
recombination of interstitials with F centers 
or with traps under irradiation. We have made 
the following hypothesis: the number of traps 
is constant and the capture cross section of 
an interstitial by such traps does not vary 
considerably with the irradiation lime (This 
is probably the case if traps are small dis- 
location loops of interstitials). Under this 
hypothesis, we have found a theoretical law 
in agreement with experimental results. It 
was possible to verify the model experimen- 
tally; if crystals containing M centers are 
irradiated with X-rays at temperatures where 
formation of M centers cannot occur by diffu- 
sion, M centers are destroyed by interstitial 
trapping. From the speed of this reaction one 
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can measure the number of free interstitials 
under irradiation. Assuming that the radia- 
tion creates Kl Frenkel pairs per unit lime 
(primary creation rate), we obtained the 
number X of free interstitials under irradia- 
tion: 

X = KIi{K,Y^KJ^) ( 1 ) 

Y being the number of F centers in the crystal 
at this lime t of the irradiation; KiY is the 
probability per unit lime that an interstitial 
is trapped by F centers; and K 2 N is the 
probability per unit time that an interstitial 
is trapped by traps. 

If the number of F centers is larger than 
that of traps {K^Y > K^N) equation (!) 
becomes: 

X = K!IK,Y. (2) 

We have thus experimentally verified this 
equation in LiF, and we have found that the 
primary creation rate varies very simply with 
irradiation temperature: 

/C = /Co exp- fV/iir (3) 

with W = 0-11 eV. 
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In this paper, we shall determine whether 
the model developed in the case of lithium 
fluoride crystals can be extended to other 
alkali halides. We shall show that it can ex- 
plain a certain number of experimental results 
obtained by several authors these past years. 

As in LiF, interstitials are mobile at liquid 
nitrogen temperature [2] in a large number of 
alkali halides: the creation of F centers above 
is modified by the recombination 
of interstitials with F centers or with traps. 
In pure samples, traps can only be surfaces 
or residual impurities; and in impure samples, 
traps can be impurities, dislocation lines and 
so on. We shall successively analyze both 
cases. 


2. f CENTER CREATION IN PURE ALKAKI 
HALIDES 

{A] C reation in pure samples 
It is well known that the F center creation 
by ionizing radiations occurs in two distinct 
stages in alkali halides [2]. A first stage of 
fast coloration which is very sensitive to 
impurities, dislocations and a second slower 
one which seems more intrinsic. Particularly, 
in the purest samplesf3], the firs! stage has 
not been observed and if one analyzes 
published creation curves, one observes that 
in general the number of F centers increases 
proportionately to the square root of irradia- 
tion time for irradiation at room temperature. 
It therefore seems that this law is an intrinsic 
law of creation because it is observed in the 
purest samples. This law has also been 
observed in crystals colored with u.v. light 
in the exciton spectral range; Goldstein [4] 
in pure KF GoldberglS] in pure KI and Rbl 
as well as in KCI and KBr doped with /“ 
and irradiated with u.v. light in the /' absorp- 
tion band. The model developed for LiF can 
thus be applied to other alkali halides giving 
the following creation law, Y being the number 
of r centers: 


(4) 


As we have done in LiF, this mode) can be 
verified by studying the disappearance of M 
centers under X-rays by interstitial trapping. 
These experiments have been partially 
performed by Schnatterly and Compton (S.C.) 
in KCI [6] before our own experiments in LiF. 
Theoretically the disappearance of M centers 
under X-irradiation obeys kinetics: 


dr 




N^KI 

K.Y-^K^N' 


(5) 


The relaxation time t of the M center con- 
centration is thus the following: 


^ KsKI K^Kr^KiKl 


( 6 ) 


Equation (6) has been verified by S.C. in 
KCI; they have measured at 90°K: 

t( 90''K) = 33 min+ 16*7 Ny X 10'*^ min. 

(7) 

We can thus calculate Kl assuming that the 
ratio K-JK] = 2 (capture cross sections of an 
interstitial by F center and M center). From 
equations (6) and (7), one finds; 

/Cy(90°K) 5 X 10’‘‘ Frenkel pairs X sec“L 

( 8 ) 

Assuming that an estimation of the 

number N of traps can be obtained 

(9) 

This last value is of the same magnitude order 
as the value calculated in LiF (we had found 
N = 3*9x 10^7) 

S.C. have observed that the M center 
decay time varies with temperature above 
100°K with a simple exponential law giving 
an activation energy equal to 0-072 eV. In 
equation (6), r varies with temperature only 
if K varies with T because and X^ 

have the same temperature dependence due to 


Y--(KlK,NtlK,r^. 
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the activation energy of H center. That is to 
say: 

A: = /Coexp->F/itr (10) 

with 1^ = 0072 eV. 

From these experiments, it is possible to 
obtain the variation of the primary creation 
rate with T in KCl which obeys the same law 
as that observed in LiF. One can relate this 
result to those obtained by Royce and Treacy 
in KBr[7]: they have found that the primary 
creation rate K (vacancy formation efficiency) 
increases from 135 to 300°K and obeys 
equation (10) with W = 0 07eV. It therefore 
seems that in all alkali halides, K obeys 
equation (10) in a given range of tempera- 
ture (with a given activation energy for each 
alkali halide). 

The activation energy which appears in 
equation (10) is always close to the activa- 
tion energy for the displacement of H centers: 
in LiF. from results obtained by Chu and 
Mieher[8], we have estimated the activation 
energy of H centers to 0-15eV and we have 
measured IT = 0* 1 1 eV. In KCI, Uela[9] 
has observed by pulse irradiation techniques 
that after a pulse, H centers disappear with 
a temperature time constant which gives an 
activation energy equal to 0*075 eV, a value 
very close to that measured by S.C. (equation 
(10)). In KBr, agreement is not so good 
(Ucla’s measurements for H disappearance 
give 0 09 eV and Royce’s measurements for 
the primary creation rate give 0*07). There- 
fore. it appears that the efficiency of the 
primary creation by ionizing radiation in 
alkali halides strongly depends on irradiation 
temperature; it also seems that the activation 
energy which describes this dependence is 
always close to the activation energy of H 
centers. This condition can be fortuitous 
and in this case the non-radiaiive decay 
creating a F center is thermally activated. 

This variation of the primary process with 
temperature has also been observed by Gold- 
berg[5] in u.v. irradiated Kl, Rbl, KCl:/*' 
and KBr:/^. He has found the following 


activation energies: KCl:/' (0*05 eV), Kl 
(0*05 eV) and Rbl (0’03). The energies of 
KCl: r (0*05 eV) and pure KCl (0-07 eV) 
are different; this difference seems to indicate 
that the thermal activation of the primary 
process occurs through a thermal-activated 
non-radiaiive decay and that the migration 
energy of H centers does not occur. 

S.C. have suggested that the variation of 
M center decay time with temperature can 
be directly related to the H center activation 
energy. However, in our model, such is not 
the case because the ratio of the number of 
interstitials trapped by Af centers to the 
number trapped by F centers or traps is 
always the same whatever the speed of 
interstitials. 

Goldstein [4] and Goldberg[5] have 
interpreted the creation law assuming 
that the primary creation rale decreases when 
the number of F centers increases: electron- 
hole recombination occurring on F centers 
without displacement. Such a model does not 
take into account that free interstitials {H 
centers) can recombine with F centers or 
other traps. 

(B) Study of saturation 

We can study the saturation which must 
arise when a centers created by irradiation 
are sufficiently mobile to recombine with 
interstitial traps. In LiF, we have not reached 
the saturation, but in KCL Sender and 
Templeton[10] (S.T.) have reached it for a 
number of F centers of the order of 3 to 
7x10*® centers percc. The essential results 
are: (I) If one irradiates pure KCl crystals 
at room temperature, the number of F centers 
increases parabolically: it then deviates from 
this law to arrive at saturation. (2) The value 
at saturation decreases when temperature 
increases. If one calls y* the number of F 
centers at saturation, S.T. have observed that 
y» obeyed the law: 

Y.aexp-B'VkT 

with 


( 11 ) 
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(3) The saturation depends weakly and in a 
reversible manner on the radiation intensity. 

(4) Finally, one cannot describe the approach 
to saturation by simple kinetics. 

We have studied this saturation using S.T.’s 
suggestion; under irradiation a certain number 
of a centers exist which can diffuse and re- 
combine on trapped interstitials.*^ In our 
preceding paperl I ], we found that the number 
dY of h centers created during the time d/ 
obeys equation (12) if the lifetime of inter- 
stitials IS very short compared to variations 
of the number of F centers (steady state 
approximation). 

d}^- (12) 

Under the S.f. hypothesis, equation (12) 
becomes in the vicinity of room temperature; 

dK - KlK.NdftiK, K 4 - dK, . (13) 

The first term on the right represents the num- 
ber of T centers generated taking into account 
the inierstiliabT center recombination. The 
second term represents the number of F 
centers which have disappeared by recom- 
bining with interstitial clusters. If one assumes 
that at a given temperature a centers exist 
only under irradiation, then: 

dK, = n^',//VTd/. (14) 

In this equation, we assume that the number 
of a centers is proportional to the radiation 
intensity (iV„ = alY) and to the number of F 
centers. The coefficient is, among other 
things, proportional to exp- WJkT, being 
the halogen vacancy activation energy. I'he 
equation becomes: 

dYI(lt^ NnKK,-aK,KJ^-aK,K,NY]l 

{KJFK^Nl (15) 


* Matthews ei aL[\\] have observed that the creation 
of F centers by y-radiattons is strongly inhibited when 
the sample is irradiated al the same time with F light, 
i.e. when some F centers are ionized. 


Saturation comes in when dT/d/ = 0. 
Assuming that in the vicinity of saturation 
Tx A', > /C,/C 4 Nyx), one obtains: 

Y^ = {KKJaK,K,Y^^. (16) 

1 . Variations of Y with T. We have 
mentioned above that KjKi is almost 
independent of temperature so that only 
K and depend on T. By analogy with 
our results in LiF, we can assume that 
K a exp — 0'7/AT, the value measured by 
Schnatterly and Compton for the disappear- 
ance of M centers by X-ray irradiation in the 
vicinity of lOC'K (equation (10)), One there- 
fore sees that Y^ is proportional to the follow- 
ing expression: 

y,aexp-(0-07-IT„)/2AT (17) 

assuming that A'j varies with temperature 
according to exp — WJkT, 

This result is in good agreement with the 
experimental results of S.T.: for the same 
intensity, Y^ decreases when temperature 
increases. The curve log Y^ as a function of 
1/T is a straight line giving an activation 
energy — 0'07)/2. This would indicate, 
taking the activation energy measured by S.T., 
that the a center activation energy in KCl 
would be equal to 0*87 eV, which is in 
agreement with direct measurements [ 1 2] 
and with theoretical estimates [ 1 3]. The 
agreement could be improved by taking into 
account the fact that the number of a centers 
with respect to the number of F centers is 
probably not constant with temperature. 

2. Kinetics describini^ saturation. Equation 
(15) shows that it is impossible to describe 
the approach to saturation with the help 
of a simple kinetic law, which is again in good 
agreement with the results of S.T. 

3. Variations of Y^ with intensity. Accord- 
ing to equation (16), y* is independent of 
the radiation intensity, which is in contradic- 
tion with experimental results of S.T.: they 
have observed a weak variation of y« with 
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/. In fact, it is probable that one of the 
hypothesis of equation (14) is wrong: it is 
not evident that under irradiation, the ratio 
of the number of a centers to the number of 
F centers is rigorously proportional to the 
irradiation intensity, especially when this 
intensity is multiplied by a factor larger than 
100 when one passes from y irradiation to 
a j8 irradiation of the order of 1 MeV. 

Theoretical estimate ofYr^ 

One can estimate K* starting from equation 
(6) and from parameters which we can deter- 
mine in KCl. It is easy to calculate 
the probability of capture of an interstitial 
by an /•' center: 

a:, exp -If VAT (13) 

p being the number of interstitial halogen 
sites around a vacancy (p = 6 if // center 
migrates along (110) directions by an inter- 
stilialcy mechanism). e^xp-WjkT being the 
frequency jump of interstitial from a site to 
a neighboring site. N; being the number of 
interstitial sites per cc {]2XNr!-, and 
Nrf- the number of halogen sites per cc). It 
leads to: 

/(, = (14) 

assuming that = 5 x 10‘“ sec~'. 

We can estimate ratio of the capture 
probability of an interstitial by a trap to the 
capture probability of an a center by the 
same trap. Neglecting terms of entropy in 
frequency jumps, we come to: 

W’ -W 

KJK,=-txp (15) 

Kl can be calculated from S.C.’s experi- 
ments combined with equations (7) and 
(10):* 

*S.C. have used a high fluK X-ray tube and very 
probably in S.T. y-ray irradiations, K1 was smaller. 


Kl^KJtxp-’WIkT 

= 5^5X10'^ exp-WtkT (16) 
with 0 072 eV. 

Using the value measured by ST. for 
{W- Wa) we obtain: 

Y^ = 5xmi(aiy‘\ (17) 

Not knowing al, it is difficult to use this 
last equation. One can simply notice that our 
calculation for KCl gives a resonable value for 
with respect to the value observed by S.T. 

It would be interesting to perform the same 
experiments as S.T in alkali halides for which 
is small. One should observe a value of 
Tx which is the smaller W„. 

Remark: A similar calculation based on 
the hypothesis of detrapping interstitials 
from N traps by irradiation helped by an 
activation energy close to would lead to 
the same theoretical result. Experiments by 
Matthew et seem however to show 

that the good assumption is the one (proposed 
by S.T.) which we used. 

3. EXTRINSIC GENERATION 

Defects in ionic solids can have various 
influences on the generation of F centers 
by ionizing radiations[2]. On one hand, as 
suggested by Pooley[14J. they can modify 
the primary generation mechanism, the elec- 
tron-hole recombination occuring on an 
impurity without Frenkel pair generation. 
On the other hand, as suggested by Ikeya 
et al.l\5] defects can create new traps for 
interstitials. Surfaces, dislocations, chemical 

impurities, etc can act as defects. We shall 

study the second assumption and we shall 
show that it can explain a large number of 
results, particularly in the case of crystals 
doped with positive divalent impurities. 

( 1 ) T heoretical study 

As previously, we assume that the radiation 
creates Kf Frenkel pairs per unit time. Under 
irradiation X{t] free interstitials exist which 
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can be trapped by the Y(t) F centers, by the 
N traps whose number is constant (same traps 
as in the intrinsic case) and by new traps 
which can be impurities or similar traps. At 
the beginning of irradiation the number of 
these traps is A/o and it decreases with 
irradiation time because a part of them have 
been filled by interstitials. At the time / 
of irradiation, only MU) impurity traps remain. 
Quantities XU). YU) and MU) obey equations: 

iXIdt = KI-KyXY- K,XN - K,XM ( 1 8) 
dYldt=-KI-K,XY (19) 

dMidt = - K,XM. (20) 

In the right-hand side of equation (18), 
the last three terms represent the capture of 
free interstitials by F centers, by the N traps 
and by the M traps. We have done numerical 
calculations on Univac 1 108 computer using 
numerical values given for KCl by equations 
(14) and (16) and assuming that A% /C^ - 
AV 

In Fig. 1 , we have reported F center crea- 
tion curves at room temperature for several 
concentrations of saturable traps: the two 
stages of creation can be observed and extra- 
polation of the second stage gives at f = 0 
the number of saturable traps. For low 
concentrations of saturable traps, the creation 
law is parabolic which is the case of pure 
crystals. One can easily see that the second 
stage is not a saturation because it occurs 
when the number of saturable traps becomes 
negligible and then one has the intrinsic 
generation. 

On one of Fig. 1 curves, we have analyzed 
the approach of the pseudo-saturation (2nd 
stage) and we have verified that this approach 
is exponential as experimentally observed by 
Aivarez-Rivas and Levy[16] (Fig. 2). Such a 
result is normal as the extrinsic creation rale 


•^The second stage occurs more quickly with irradiation 
lime in these theoretical curves than m usual experimental 
creation curves. Probably because Kl determined from 
experiments of S.C using a powerful X-ray lube is much 
higher than in usual experiments. 



the nurnber of non saturable traps). 



Fig. 2. Analysis of the approach of the saturation in one 
of the cases of Fig. 1 (M = 4 x 
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is fast and the intrinsic one much slower: the 
extrinsic creation rate decreases exponentially 
as the number of unfilled saturable traps. 

On Fig. 3, we have reported theoretical 
creation curves for several irradiation 
temperatures. Such curves are similar to those 
experimentally observed by several authors 
in KCII2]: the number of F centers created 
is lower at low temperatures than at high 
temperatures and the first stage seems to 
disappear. 

It is also interesting to study the influence 
of the radiation intensity. Theoretical crea- 
tion curves are represented on Fig. 4 with 
several irradiation intensities. However, 
calculations show that the number of F centers 
created is the same for a same integrated flux, 
whatever the radiation intensity. It is well 
known (hat the first stage of creation is 
critically dependent on the radiation intensity 
[17J but experimental results are conflicting. 
In fact, we have neglected electronic pro- 
cesses, impurity processes {OH~^U~\-F 



Fig. 3. Theoretical creation curves of F centers at several 
temperatures {M = /V = 2 X 10'“ and Ki = 5*5 X 
cxp-Wlkn 



Hg. 4. Theoretical creation curves of F center at 280°K 
with several radiation intensities (A# = 10“* and /V 2 x 


conversion [18]) and variations of the primary 
process with some impurities as suggested 
by Pooley[14]: such effects can be intensity 
dependent. 

From this last result, we can conclude 
that the first stage can be interpreted by a 
recombination of interstitials on saturable 
traps but other effects are added to the first 
one: normally the first stage would be com- 
plex. This conclusion is in good agreement 
with experimental results of Alvarez-Rivas 
and Levy[16]. 

Finally on Fig. 5 we have represented the 
influence of the number N of non-saturable 
traps with 10*" saturable traps per cc. As 
it was easy to anticipate, the first stage dis- 
appears when N increases: the intrinsic 
generation becomes important and screens 
the extrinsic one. 

( 2 ) Interpretation of some experimental 
results 

If the model of interstitial-vacancy re- 
combination is not able to explain all 
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hig. 5. rfieoriHicul creation corves ot F centers at 28(y’K with several con- 
centrations of non-saturable traps (A!/ = 5*5 X 10'^ and A/ ~ 10'^]. 


experimental results on the first stage, we 
can however interpret correctly some experi- 
mental results with dillerenl types of saturable 
tnips. 

(a) fnfluem v oj the surface. In our model 
the surface can only be of importance in small 
crystals and in the very first stages of irradia- 
tion, as long as the h centers do not trap more 
efficiently than the surface, '('he only expeii- 
menlal results have been obtained in whiskers 
of Na( 1 and KC'l by Gobdenberg et aL\\9] 
and by Baliaro el al\2[)\. They have observed 
a first stage of generation which is more im- 
portant in whiskers than in bulk crystals. Thus 
it seems that the surface plays an important 
part in this case, 

(b) hifluenee of disiocotions. It is well 
known that dislocations considerably in- 
crease the importance of the first stage of 
generaiion|2|. We can assume that dis- 
locations introduce new saturable traps for 
interstitials. Alvarez-Rivas and Levy [161 
have shown that the value at saturation of 
the first stage increases proportionately with 
the strain applied to the crystal during previous 
deformation. If one assumes that the number 
of dislocations introduced is approximately 


proportional to this strain this would indicate 
that the saturation sets in when all the traps 
created by dislocations have been filled. The 
assumption that dislocation lines can act as 
traps for interstitials is therefore reasonable. 
LSR studies should lead to the observation of 
new defects which would be halogen atoms 
trapped on dislocation lines. 

(3 ) Influence of positive divalent impurities 

In alkali halide crystals doped with divalent 
impurities, several authors [2J have found that 
the rate of the saturation of the first stage is 
proportional to the number of isolated positive 
ion vacancies {dissociated thermally and stabi- 
lized by quenching). With the assumption of 
interstitial-defects recombination, Ikeya 
et a/.|15] have suggested that interstitials 
are trapped by isolated vacancies, saturation 
setting in when all traps have been filled. The 
new defect formed (neutral interstitial and 
cation vacancy) would form an X 2 ~ molecular 
ion with one of the six neighboring ions 
in the (100) direction: this defect would 
be nothing else but the center observed with 
ESR by Hayes and Nichols[21]. 

Ikeya et a/.[l5] have also observed that the 
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rate of generation in the very first stages 
(linear portion before saturation) varies 
with temperature according to an exponential 
law giving an activation energy of 0-07 eV. 
This linear part in our model corresponds to 
the moment when, at the beginning of irradia- 
tion, the F centers are in small number com- 
pared to the cation vacancies and when most 
of these cation vacancies have not yet trapped 
interstitials: i.e. each Frenkel pair created 
by the primary process gives rise to an F 
center as the corresponding interstitial will 
be trapped by a cation vacancy. The rate of 
generation studied by Ikeya is the rate of the 
primary process A, 

One can thus conclude from these experi- 
ments that K varies according to equation 
(10). the activation energy measured by 
Ikeya et uL being very close to the energy 
measured by Schnatterly and Compton. Such 
an agreement between two diflfercnl methods 
indicates that the first stage of generation 
in crystals doped with divalent impurities 
is indeed due to the trapping of interstitials 
by isolated cation vacancies, ^ 

This mechanism is in contradiction with the 
one proposed by Crawford and NeIsonf23]: 
they had suggested that, after capturing a 
hole, a neighboring halogen atom jumped 
inside the cation vacancy and the anion 
vacancy thus formed went away by diffusion. 
The activation energy of such a mechanism 
should be close to 1 eV, the jump energy of 
a centers in KCI. which is in complete 
contradiction with Jkeya’s results. 

The mechanism proposed by Ikeya is in 
agreement with the results of Sibley and 
Russel|24]: they have observed in KCI 
doped with Ca^'^ that the elastic limit of 
crystals increases that much lower with 
the concentration of F centers the higher 
the concentration of Ca^+. This indicates 
that, the hardening being caused by inler- 

LiF, Laj aad Berge[22| measuring the number of 
electric dipoles by the ionic Ihcimocurrent method have 
concluded that the effect of irradiation is also the disap- 
pearance of isolated cation vacancies. 


stitials, these interstitials are fewer the higher 
the doping level of the crystals (the halogen 
atom corresponding to the F center created 
is not in an interstitial position but in the cation 
vacancy and does not contribafe to the 
hardening). 

4, CONCLUSION 

The model of interstitial-F-centers recom- 
bination permits to explain a great number of 
experimental results on the creation of F 
centers in alkali halides; the creation law 
proportional to the square root of the irradia- 
tion time in the purest samples, the saturation 
observed by Sonder and Templeton [10] in 
pure KCI for high F center concentration, 
the first stage of creation in samples doped by 
divalent impurities or in crystals previously 
strained However, we have not taken into 
account other effects which could be of 
importance: electronic effects in the first 
and second stages, variations of the primary 
creation rate with impurities as suggested 
by Pooley or chemical transformations 
(OH~ U F) as suggested by Crawford 
[18]. 
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DE LA BANDE DE CONDUCTlONt 
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{Received 1 8 November 1 968) 

Rfeum^-On a mesure la magnetoresislance oscillaloire dans des monocrislaux d’Arseniure de 
Cadmium (COj^As^), dont les concentrations eiecironiques soni comprises entre 1.10'" el 8.10*"cm~^ 
La periode et I’amphtude des oscillations ont ete ctudiees tant en fonction de la concentration que de 
Torientation cristallographique. La temperature est comprise entre 4,2'’ ei 40"K, et rinduction 
magnetique a une valeur maximum de 5 Wb/m^ On decrit les methodes de preparation et de traite- 
ment des monocristaux et les techniques exp^rimentales utilis6es (hltrage TBF, variation 1/B « / . . . 
Le d^pouiDement des resultats, elfectue sur ordinateur, conduit aux conclusions suivantes: (I) La 
surface de Fermi propos^e pour Cd 3 As 2 se compose d'un seul ellipsoide allonge suivant I'axe cristal- 
lographique d'ordre 4, et de revolution autour de celui-ci; le rapport des axes de Tellipsoide est 1,18. 
(2) La masse cyclotron transverse, relative a la surface de Fermi, varie avec la concentration passant 
de 0.042 a 0,065 m lorsque celie-ci passe de 2^60 a 8,30 x 10‘" cm"l Cette variation est cn accord avec 
un module non parabolique de la bande de conduction. Le carre I’^lemeni de matrice d'interaction 
obtenu estP*^, = 15 eV. 


Abstract-The oscillatory magneiore si stance has been measured in Cadmium Arsenide mono- 
crystals (CdjAsa) with electron concentrations in the range 1-8.10’* cm"l The oscillations penod 
and amplitude variation have been studied versus concentration and cristallographic orientation. 
Temperatures were m the range 4'2°-40®K and magnetic fields with a maximum value of 5 Wb/m^ 
Methods of preparation and doping the sample crystals are described as well as experimental tech- 
niques used in this study {V.L.F. Filtering, \lB^t programming,. ) Experimental results were 
processed by a computer. Main results are. (!) The proposed Fermi .Surface of Cadmium Arsenide 
consists of only one ellipsoid prolate in the 4-fold axis direction, the anisotropy axis ratio is 118. 
(2) The transverse cyclotron mass, on the hermi Surface, varies with the concentration from 0 042 
to 0'065 m when the latter varies from 2-60 to 8-30 x 10'"cm“^ This varlaiioti is consistent wiih a non 
parabolic model for the conduction hand. The square of the interaction matrix element is found to be 


== 15 eV 

1. INTRODUCTION 

L'objet de ce travail est I'etude des pro- 
prieles electroniques de Cd^As.^ mono- 
cristallin en utilisant les effets de transport 
isothermes aussi bien classiques que quanti- 
ques. Ce sont surtout ces demiers et plus 
particulierement la magnetoresistance oscilla- 
toire, ou clfet Shubnikov-de Haas (SdH), qui 
nous interesseront. 

On sail que Teffet SdH se manifesle par un 
comportement oscillaloire de la magneto- 

tTravail effeclue grace a 1‘aide de la Direction des 
Recherches et Moyens d’Essais (D.R.M.E.). 

$Ce travail fait partie d’une These de Doctoral d’Etal 
es-Sciences Physiques soulenue ala Facultedes Sciences 
de Paris (1967 non publiee). 

^ Actucliement au Groupe de Physique des Solldes de 
I’E.N.S, Tour 23 Facult6 des Sciences de Paris. 


resistance lorsqu’on fait varier rinduction 
magnetique B a laquelle est soumis le cristal. 
Le phenomene est periodique en 1/B, la 
periode des oscillations est inversemenl pro- 
portionnelle a la section extremale de la 
surface de Fermi, par un plan perpendiculaire 
a rinduction magnetique. L'efFel SdH, donl 
il n’y a pas de theorie applicable pour une 
surface de Fermi non spherique, obeit 
cependant a des lois analogues a celles qui 
regissent Teffet de Haas Van Alphen (sus- 
ceptibilile oscillaloire), mieux connu[ll; tous 
deux ont leur origine dans la quantification 
des niveaux d'energie d'un electron dans un 
cristal en presence d'une induction magnetique 
(niveaux de Landau). Un travail tres complet 
sur I’effet SdH a ete public recemment par 
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Kubo et aL[2]i i) a ete fait dans I'hypolhese 
oil la masse effeclive est isotrope el constante, 
et en tenant compte de I’elargissement des 
niveaux de l,andau sous Teffel des collisions, 
[/expression de la magnetoconductivite 
oscillatoire est Ires complexe; nous ne don- 
nerons que le resultat obtenu pour la magneto- 
rcsistivitc oscillatoire, lorsqu’on generalise 
‘hardimenl' Texpression de Kubo au cas d’une 
surface dc Fermi de forme quelconque, mais 
assez simple, cn tenant comple des resultats 
obtenus par Lifshitz et Kosevich[31 dans le 
calcul de Teffet SdH pour une surface de 
Fermi de forme complexe, sans tenir compte 
de Telargissement des niveaux du aux 
collisions. 

Dans le cas d’une S.F. composee d'un seui 
ellipsoide, et H clanl orienle suivanl !a 
direction d’un axe principal de Pellipsoide, 
on a: 

rTci “ ~ d. /■ — A', y 


S,„ est Taire extremale des sections de la 
S.F. par des plans perpendiculaires a 
I'induction magnetique B, mesuree dans 
I’espace des quantiles de mouvement. 
m = (l/27r)(<^5JritV) la masse cyclo- 
tron relative a la direction consideree. 
r esl I’indice, enlier, dc I’harmonique. 
y est la constante de phase 
y = +(7r/4) dans le cas d’une hande para- 
boliquc. 

A esl un tenscur dont les icrmes sonl 
independants de Tinduction magnetique B 
el de la temperature T. Dans le modele 
isolrope et parabolique, B etant oriente 
siiivant Oz, on a: 

, 

/t_ ^ I [Ef. est I'cnergie de Fermi) 


et Ion pent invcrsoi scparemenl les com- 
posanles ‘iransversales’ et ‘longitudinale’ du 
tenseur de conductivite. De plus Tinduction 
magnetique etant clevcc {(oA ^ !)■ on a 
lorsque les parlies oscillatoires sont faibics; 


P<1 fr,i 




( 1 . 01 ) 

( 1 . 02 ) 


On obticnt dans ces conditions; 


toihn, dans le facteur d'amortissement, Td 
est appelc temperature de Dingle et s’ecnl|2|: 



oil Tj est le temps de relaxation de la quantile 
dc mouvement, mcsure pour B = 0. 

On voit d'apres (1.03) que la periode fonda- 
mentale des oscillations est: 





(1.07) 




Po 


exp 


( ‘est (’expression de la partie oscillatoire 
Ap dc la magnetoresistance relative a une 
section extremale de la S.F. 

Po est la resistiviie en I’absence d'indueiion 
magnetique 

A est la constante de Boltzmann 


Apres ce rappel des formules qui nous 
serviront a rinterpretation des experiences, 
nous allons exposer ces dernieres. 

Bien que de nombreux travaux aient ete 
piiblies ces dernieres annees sur Cd.-jAsg 
(cf. par. 2). les resultats obtenus restent tres 
fragmentaires, car presque lous ont porte sur 
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des polycristaux. Notre etude porte unique- 
ment sur des monocristaux pour differentes 
concentrations electroniques. Plusieurs ques- 
tions se posaient a propos de TArseniure de 
Cadmium (Cd^As^): Quelle est la forme des 
surfaces isoenergie et quels sont les para- 
metres qui les definissent? Comment se re- 
partissent-elles dans I'espace reciproque? La 
(ou les) bande(s) de conduction est (sont) 
elle(s) parabolique{8) ou non? 

C’est a ces questions que nous avons tente 
de repondre en ulilisant Tetfel Shubnikov de 
Haas comme moyen d’investigation, CdgAs. 
elant un semi-conducteur a haute mobilite et 
degenere aux temperatures ou nous I’etudions. 

La 2eme parlie rappelle quelques proprietes 
de Cd;iAS‘ 2 . La 3eme partie de ce travail decrit 
la preparation des monocristaux et les 
trailements thermiques nccessaires a Toblen- 
lion de monocristaux dopes. La 4eme partie 
decrit les methodes experimentalcs utilisees. 
Les resultals experimentaux sont rappeles 
dans ia 5cme partie. 

Enfin, rinterpreiation de ceiix-ci fait Tobjet 
de la derniere parlie de cc travail, dans laquelle 
nous proposons un modde pour la structure 
de bande de CdijAs.^. 

2. QDELQIJES PROPRIETES DE Cd,Asz 

L’Arseniure de Cadmium (Cd^Aso) est un 
compose intermetaliique ll-V; c'est un semi- 
conducteur de type n. Sa temperature de 
fusion est 72 IT. II presente un point de trans- 
formation en phase solide a 578T, ce qui est 
ime source de multiples difficulles dans la 
preparation el le trailement des monocris- 
laux. Ses proprietes sont encore mal connues 
a ce jour. Differentes structures crislallo- 
graphiques one ete proposecs au cours du 
temps, la premiere ayant ete un maille cub- 
ique. Aciuellement, la structure retenue est 
celle d'une maille ‘quadratique multiple’ 
similaire a celle de Zn;,Asjj et contenanl 32 
molecules de Cd.jAsj,14]. 

L’etude de la structure electronique de 
Cd>As 2 a fail objet de nombreux travaux, 
au cours des derniferes annees, qui ont porte 


soil sur les effets de transport soil sur les 
effets optiques, Ces etudes ont pratiquement 
toutes porte sur des polycristaux[5-13], 
les echantillons monocristallins de dimensions 
suffisantes etant tres difficiles a oblenir. Rap- 
pelons les principaux resultals; 

CdaAs.^ est un semiconducteur de type n, 
degenere jusqu’a environ 200T, la concen- 
tration electronique est toujours voisine 
de 2-10'^ cm“^ pour le maieriau pur. 

Des energies d’activation, comprises entre 
0,04 eV et 0,6 eV, ont ete mesurees et 
interpretees comme represenlant ia largeur 
de la bande interdile. 

Les effets de transport classiques ont per- 
mis de determiner une ‘masse effective 
moyenne’ de I’ordre = 0,045 m (poly- 
cristaux)[6], Une etude de celle-ci en 
fonction de la concentration electronique 
(polycristaux) laisse supposer Texistence de 
deux bandes de conduction [5]. 

Signalons qu’il est difficile de comparer les 
resultals des differents travaux, les masses 
effectives ne correspondanl pas aux memes 
delinilions, ni aux memes concentrations de 
portcurs. 

Nous nous sommes attaches a oblenir des 
monocristaux de differentes concentrations 
electroniques, comprises dans une gamme 
assez etendue, afin de pouvoir etudier I’in- 
flucnce de celle-ci sur les proprietes elec- 
troniques. 

Nous aliens done decrire rapidement la 
methode de preparation et de traitement des 
monocristaux de Cd jAs ,. avant de passer aux 
experiences a proprement parler. 

3. PREPARATION ET TRAITEMENT DES MONO- 
CRISTAUX 

Elle s’effectue en plusieurs etapes ( 1 4J. 
Dans un premier stade, on obtient des poly- 
crislaux de Cd.-^As^ par co-fusion de Cadmium 
et d’Arsenic, en proportion sloechiomclrique, 
a HOO'T dans un tube en quartz scelle sous 
vide. Le materiau ainsi oblenu est purifie au 
moyen d'une distillation a 550T dans un 
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courant d'hydrogene tres Jent; de petits cris- 
taux de diverses formes se deposent sur cer- 
taines regions des parois du tube. IIs sont 
refondus sous forme d’un lingot qui est place 
a rextremil6 d’un tube de quartz scelle sous 
vide; Tautre exlremite du tube est terminee 
en pointe. L’ampoule est enfermee dans un 
four en argent a deux zones de temperatures » 
voisines de 460T. On tire \rh lentement Tam- 
poule de la zone chaude vers la zone froide. 
L’Arseniure de Cadmium vient se deposer el 
former un monocristal dans la partie froide 
de Tampoule. La vitesse de tirage esl de I mm/ 
jour. 

On coupe les monocristaux au moyen d’une 
scie a electro-erosion, api es les avoir orientes 
aux Rayons X. 

11 esl tres difficile d’obtenir des monocris- 
taux de Cd;,ASi; avec des concentrations elec- 
troniques tres differenles de 2- 10*^ cm 
car Texistence du point de transformation en 
phase solide a 57S°C' rend impossibles les 
les traitemenls thermiques a des tempera- 
tures superieures a celle-ci. Nous avons 
essaye diverses methodes pour obtenir des 
monocristaux dopes: 

ll) Tirade des monocristaux a partir de 
Cd^ASi; polycristallin prealablemeni dope: 
rCsullat negatif, la concentration elcclroniqiic 
finale etant toujours 2.10‘^cm''‘; 

(2) Tirade en presence de dopant: pas de 
resullat car la presence d’un element etranger 
empeche la croissance de monocristaux, sauf 
en ce qui concernc le Selenium avec lequel 
on n obtient toutefois que 2. 1 0^^ cm^*^; 

(3) Dopafie par diffusion: les traitements 
devant s’effectuer a une temperature assez 
hasse (<578°C), nous avons fail des exper- 
iences en utilisant divers elements: 

elements iifaible temperature de fusion (Li, 

Ga,Cd,ln,S,Hg, I) 

elements a pression de vapeur elevee (Se, 

Te) 

cuivre (prealablement evapore sur I’echan- 

tillon) 

lithium colloidal depose sur rechantillon. 


Les elements diffusent plus facilement dans 
les polycristaux que dans les monocristaux. 
Dans ceux-ci, seuls paraissent efficaces, le 
lithium colloidal qui joue le role de donneur 
(n == 8.10^®cm“*) cl le selenium qui serait 
plulot accepteur (n ^ I,LiO^®cm‘^). La 
temperature optimale semble etre de 450''C, 
et la duree de traitement optimale de 4 a 5 
jours. Tous les cristaux obtenus sont de 
type n, 

Le dopage s effectue done sur des mono- 
cristaux prealablement orientes et decoupes. 
On effectue un polissage a Talumine apres le 
traitement. Les dimensions finales des echan- 
tillons sont 1 X 1 x 6mm^ On y applique des 
fils de cuivre (dia. 6/100 mm) avec de la 
soudure a retain apres avoir nettoye la surface 
par du chlorure de zinc. 

Nous allons a present decrire les methodes 
experimentales utilisees au cours de ce travail: 

4. METHODES EXPERIMENTALES 

4. 1 Partie mof^rtetique 

Ixs experiences necessitant des tempera- 
tures basses et des inductions magnetiques 
iMevees, nous avons utilise une bobine supra- 
conductrice Westinghouse equipee de son 
alimentation stabilisee et de son cryostat, et 
produisant une induction magnetique maxi- 
mum de 50 kG, dans un cylindre de 25,4 mm 
dediamelre. 

A rinterieur de la bobine supra-conductrice 
se trouve I'extremite de T^anti-dewar’, double 
paroi en tube ties fin (3/1 0 mm), d’acier in- 
oxydable, qui revolt le porte-echantillon. Les 
experiences se font soil en transferant de 
I’helium liquide dans Tenceinte experimentale 
de r‘anti-dewar\ soil en y maintenanl de 
Thelium gazeux. Le contact thermique avec le 
bain d’helium principal, est realise en main- 
tenant une pression d’environ 5 Ton*, d’helium 
entre les parois de I’^anti-dewar*. 

On mesure le niveau d’helium liquide grace 
a une sonde a capacite. 

4.2 Porte-echantillon 

11 est constitue par un plateau orientable 
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command^ de Texterieur du cryostat par un 
systeme ‘roue tangente-vis sans fin’. Ceci 
pcrmet de faire toumer Techantillon de 360® 
autour d’un axe horizontal (le champ mag- 
netique est vertical), dans le centre de la 
bobtnc supra-conductrice. Une rotation lente 
et continue peut etre realisee par un petit 
moteur synchrone. La resolution angulaire 
est de 20', I’enregistrement electrique de 
Tangle est obtenu grace a un potentiometre 
helicotdal monte coaxialement avec la com- 
mande de rotation. Une resistance Allen- 
Bradley de 33ft-l/IOW, alimentee par un 
courant constant de lOO/xA, fixee sur le 
porte-echantillon, sert aux mesures de tem- 
peratures de Techantillon. Celles-ci sont 
rcgulees pour les mesures comprises entre 
4,2®K el 50®K. Le principe de regulation est 
le suivant: la ddp mesuree sur la resistance 
potenliometrique est envoyee sur un amplifi- 
cateur operationnel muni d’un circuit de 
compensation, qui sert de reference pour fixer 
la temperature dcsiree. La ddp d erreur ainsi 
produite commande un transistor reglant le 
courant dans une resistance de chauffage de 
5()fi en constantan, scellee a la base du porte- 
echantillon. 

La stabilite des temperatures realisees de 
cette facon est d’environ 0,05°K au voisinage 
de 4,2°K, et reste raisonnable jusqu’a 50°K. 

4.3 Me sure et prof^rammation des inductions 
ma^netiques 

La variation de 1‘induction magnetique B 
peut etre telle que; (1)5 soit proportionnel au 
temps (2) ou bien 1/5 soit proportionnel au 
temps. Le ler type de variation est utilise 
dans la mesure de I’effet Hall ou de la mag- 
netoresistance non oscillatoire. 

Nous utilisons )e 2eme type de variation 
(1/5 oc /) pour la mesure de Teffet Shubnikov 
de Haas: nous avons vu en effel que la varia- 
tion oscillatoire de la magnetoresistance 
elail periodique en 1/5. La programmation 
1/5 Qc/ a done pour effet de transformer la 
partie oscillatoire de la magnetoresistence en 
un effet de variation periodique (amorti) en 


fonction du temps. Ceci est trds avantageux, 
car on peut alors utiliser la technique de fib 
trage ou de differenciation en basse frequence, 
pour ne garder de la magnetoresistence que la 
partie oscillatoire. II est ainsi possible d’etu- 
dier les differentes parties de la surface de 
Fermi, chacune de celles-ci etant carac- 
terisee par une periode bien determinec. 

La variation ( est realisee grace a un 
circuit constitue d’elements lineaires et prod- 
uisant une ddp v, servant a commander Tin- 
tensite / delivree par Talimentation regulee 
de la bobine supra-conductrice; v est telle 
que ]/y K/. 

Le circuit ires simple, represente sur la 
Fig. 1 , fonctionne d’apres les equations suiv- 
antes; 

on a, quel que soil la valeur de la resistance 
fixe t: 

rV 


r etant la constante de la bobine supra- 
conductrice (en G/A) et A'/A" etant la con- 


Mtsurt 
proportionntUi 

i -L 



Bdbin* 

supraconduetrict 

d,d p dt command# 
d# I 'alim#ntatton i 
courant rtguld 


Fig. I . Schema de realisation de (a variation de ('induction 
magn^tjque telle que 


stante de proportionnalite entre la ddp de 
commande v de Talimentation el le courant 
/qu’elledelivre. ona: 


l=rJ- 
B ~ k"! 


J_ 

k'v 


k'rv 


(R + r). 


(4.2) 


II suffit done de faire varier fi lineairement 
en fonction du temps r 


R = kl 


(4.3) 
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/?,} etant la valeur initiale du potentiometre 
helicoidal R. pour obtenir la variation desiree 
de I'induclion magnetique soil: 


B 




(4.4) 


I. a vitesse et le domaine de variation 
peuvent etre regies en fonction des neces- 
siles(cf. plus loin). 


treur XY et/ou dans un systeme numerique 
d'acquisition de donnees, compose de deux 
voltnietres numeriques Dynamco DM 2005 
et d’une imprimante Venner (Max. 5 couples 
de points par sec); ce procede facilite Tex- 
ploitation des resultats par un ordinateur 
Univac 1 107. La Fig. 2 donne un schema de 
Tappareillage. La precision des mesures sur 
les coefficients galvanomagnetiques est d'en- 
viron 10%. 



nMr>QyDltmetr9 

!0ctur9 Y 

rig. 2 Schema do I enregistremcntdes mcsurec. 


4.4 Me sure j^ulvauoma^neticjues 

Lcs mcsurcs galvanomagnetiques sont 
^aite^ cn couranl continu constant; ce dernier 
esl deiivre par une alimentation slahilisee 
Hewlett Packard on P.A.R.; on me sure les 
ddp au moyen d'un nanovollmetre-amplihcat- 
cur Astrodata. 

I .a magnctoresistancc oscillatoirc corre- 
spond a des ddp oscillatoires I’aibles (10 nV 
a lO/xV), noyes dans cellos que provienneni 
des effets monotones (lOO^V a 1 mV). La 
programmation \lBat. decrile precedemment. 
est lelle que la periode dcs oscillations est 
conslante et (oujours comprise entre 3 et 20 
sec. La sortie du nanovoltmetre est branchee 
sur Tcntree d'un filtre electronique TBF 
Kronhite 330 A, qui elimine les ddp qui 
n'onl pas la periode de I'effiel Shubnikov de 
Haas. On peul mesurer ainsi des variations 
oscillatoires relatives de la magnetoresis- 
tance de 10 ^ 

Les effets sonl enregistres sur un enregis- 


5. RKSIILTATS EXFERIMENTADX 
Apres avoir indique quelles sonl les carac- 
teristiques des differents monocristaux eludies 
nous exposcrons les resultats obteniis, tanl 
pour les effets galvanomagnetiques ‘class- 
iques', que pour les effets oscillatoires. Pour 
ces derniers, nous ne donnerons qu’une tres 
petite partie dcs resultats experimentaux ac- 
quis. Fn effet, plusieurs centaines de courbes 
de variation de la magnetoresistance oscilla- 
loires ont ele tracces au cours de ce travail, 
en etudianl ses variations, soit avec Torien- 
tation relative des axes cristallins el de Tinduc- 
tion magnetique, soit avec la temperature, soit 
encore avec la concentration electronique. 

5.1 Carnet eris t iques d es eehanullon .v kudxh 
Nous avons fail des experiences sur 2 types 
de monocristaux de Cd;,Asj): (a) Type /: 
I’axe cristallographique d’ordre 4-axe c- 
paraiide a la direction du couranl; (b) Type 2: 
Taxe cristallographique d’ordre 4-axe r- 
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pcrpendiculaire a la direction du courant; 

Les axes cristallins sont orientes suivanl 
les aretes de I'echantillon. 

Le Tableau I donne les caraclerisliques des 
echantillons etudies. 

La resistivite varie lineairement avec la 
temperature, mais presente deux regions a 
pentes differentes (300°K a env. 80°K. et 
8(TK a env. I5°K); elle ne varie plus (resis- 
tivite residuclle) en-dessous d’environ 1 5°K. 

5 . 2 Effets ^alvanontetriques classiques 

Effct Hall: La resistivite de Hall est pro- 

porlionnellc a Tinduction magnetique; on peut 
done definir un coefficient de Hall, R. Celui-ci 
diminue legeremenl lorsque la temperature 
diminue y?(300"K)//?(78'^K) = 1,05. Cette 
variation s’explique tres bien en tenant comp- 
ic du 2eme terme du developpement de 
Sommerfeld des integrales de Fermi, etani 
donne qtie le gaz electronique n'esl pas com- 
plelement degenere a 30(TK. 

Maf^m'torc\sixtancc: Ni la magnetoresis- 
tance transversale, ni la longitudinale ne sont 
nulles. Cette dernicre est meme negative dans 
plusicurs echantillons, quelle que soit la tem- 
perature. Aucune ne se sature quand on aug- 
mentc I'induction magnetique B jusqu’a 
50 kCi. Pour line valeur de B donnee, la mag- 
netoresistance resle constante lorsque la tem- 
perature varie dans le domaine ou la mobilite 
se sature (7 < IS'^K). 

5 . 3 Effets os cillaioires quun tiques 

Les oscillations de la magnetoresistance ont 
ete mesurees dans un domaine de tempera- 
tures comprises entre 1,5° et 40°K, et a partir 
d'inductions magnetiques qui, dans les meil- 
leurs cas, etaient telles que ptB ~ 5. Nous 
avons egalement enregistre de tres faibles 
oscillations de la resistivite de Hall, de 
meme periode que celles de la magneloresis- 
lance pour la merne orientation. 

La determination de la periode des oscilla- 
tions se fail de la facon habituelle en numero- 
tani les extrema de la magnetoresistance: en 
clfet, la magnetoresistance oscillatoire peui 
s’ecrire: 


^ = M(A',T)cos27rf^ + s'); (5.1) 

Pii \P / 

X = MB', 5 = 5 

O 

M{Xs T) est une fonction lentement variable 
devant la fonction cosinus (grands nombres 
quanliques). Les maxima correspondent aux 
valeurs entieres dc Targumenl (XjP)^^ = N. 
Les minima correspondent aux valeurs demi- 
entieres de fargument: (A'/P) +6 = yVT 1/2. 

On determine done la periode en portant 
en abscisses les valeurs de X correspondant 
aux extrema et en ordonnees la suite des 
nombres entiers et demi-entiers: la periode 
est rinverse de la pente, Un exemple est 
donne sur la Fig. 3. Les courbes sont la 
copie de celles obtenues sur Tenregistreur 
XY (on trace direclement en abscisse X 
= \IBh 

On constate immediatement que la S.F. 
du Cd;,As., est anisotrope; les paiodes etani 
differentes suivant que la direction de B est 
parallele ou pcrpendiculaire a Taxe r; la Fig. 
4 represenle pour I'ensemble des echantillons 
la variation de la periode en fonction de Tangle 
(B.c). 

La Fig. 5 represente Tamplitude de Teffet 
SdH en fonction de A - IjB pour plusieurs 
temperatures. Comme on pouvait s'y attendre, 
Tamplitude pour X fixe diminue rapidemenl 
lorsque la temperature augmenle. 

Remarquons egalement que la periode des 
oscillations ne varie pas en fonction de la 
temperature, ce qui est en accord avec le 
fait que le gaz d electrons est tres degenere 
dans les monocristaux etudies el que toutes 
les impuretes qui jouent le role de donneurs 
sont ionisees. 

6. INTERPRETATION DES RESULTATS 

Nous nous Httacherons essentiellement aux 
resultats des effels oscillaloires quanliques 
qui permettent de determiner la structure de 
bande avec plus de precision que les effets 
classiques. Ces derniers nous aideront a 
verifier la validite du modele propose a partir 
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Fig. 3. Oscillations de la magn^toresistance transversale: echantillon; m.p, 131, temperature. 
4-2“K. Orientation cristalline: (c,B) = 90° c etant I'axe d’ordre 4. Les extrema soni align^s: la 
periode est P = 1,94. 10 Wb‘‘. 1/iV correspond a Ap/pn = I,4.I0-^p„ etant la resistiviie a 
champ magnetique nuL Cette courbe a ete obtenuc nprh filtragc TBF. Les cercles et les points 
representent respectivement les maxima et les minima. 


do Tetude de Teffet SdH. Nous etudierons 
d'ahord la variation angulaire des periodes, 
puis la variation des amplitudes. 

6. 1 Varialion anffulaire des ptriodes el 
forme de la surface de Fermi de Cd-jAs^ 

I -a periode du fondamenlal des oscilla- 
tions, associee a une seule aire extremale de 
la surface de Fermi, est donnee comme on Ta 
vu au par. 1 par; 



S„, est la section extremale de la S.F. (dans 
Tespace de la quantile de mouvemeni) par un 
plan perpendiculaire a Tinduction magnetique. 
Pour Tensemble des monocristaux etudies 
dans ce travail, nous n'avons observe qu’une 
seule periode fondamentale dans chaque 
monocristal pour une orientation donnee; 
par consequent: 


La surface de Fermi ne presente qu’une 
seule section extremale pour une orientation 
donnee. File ne peul done comporter qu*une 
seule vallee ou plusieurs vallees idenliques 
se deduisanl les unes des auires par tran- 
slation. 

De plus, il n y a qu'un seui type de porteurs 
qui soil degenere (electrons). 

La periode ne varie pas lorsque. lors d'une 
rotation du cristal auiour de son axe d'ordre 
4, celui-ci etant perpendiculaire a Tinduc- 
tion magnetique: la S.F. est done, comme on 
pouvait s‘y attendre, de revolution autour 
de Taxe c. 

On peut essayer d’approximer la surface de 
Fermi de Cd^As^ par un (ou plusiers) el- 
lipsoide(s). 

Nous aliens supposer que I'equation de dis- 
persion nest pas parabolique. mais corre- 
spond a une ‘bande de Kane'. 
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La generalisation du calcul de Kane, au cas 
d'une surface isoenergie anisotrope a ete 
effecluee par Cohen [15]. 

En suivant Cohen, on peut ecrire, dans le 
xvsteme des axes principaux, I’equation de 
dispersion pour les etats de la bande de 
conduction, sous la forme suivante: 


£-{p)(l + 



Ei, est la largeur de la bande interdite 
d’interaction (qui peut inclure I'effel de 
plusieurs bandes). 

E{p) est I’energie; nous ne considererons 
que I’energie de Fermi car seuls les 
porieurs situcs sur la surface de Fermi 
participent a Peffel Shubnikov de Haas. 

les masses effectives principales 
au has de la bande de conduction. 

La section extremale d’un ellipsoi'de de 
Fermi (6.2), par un plan de cosinus directeurs 
a^} perpendiculaire a I'induction IE 
B = B («j, «>>» a:i), esl: 

Si, de plus, le plan contient un des axes 
principaux, par exemple Taxe alors 
«2 ~ 0, la periode B des oscillations donnee 
par (6.1) et (6.3) verifie la relation 


P^iS) A s\nHe-<t>) ^ B Qo%He-<f>) (6.5) 


0 est Tangle (B, pa), <t> represente un decalage 
d’angle introduit pour corrigcr les erreurs 
systemaliques provenant d'une desorientation 
de Techantillon, /I el B se deduisenl de la 
formule (6.4). 

Le programme est effectue sur une Uni vac 
1107. La correction est generalement de 
quelques degres au maximum. 

La Fig. 6 represente les resultats des caL 
culs de lissage. On constate que la variation 
de la periode correspond bien a une Surface 
de Fermi ellipsoidale car Tellip- 

soi'dc est de revolution autour de Taxe c, 
ici Taxe 3). La deviation quadratique moy< 
enne, par rapport a une section ellipsoidale, 
est comprise entre 0,7 et 5,.5% suivant les 
echantillons. 

L’ellipsoi’de de Fermi est allonge suivant 
la direction de Taxe c du crtsial, le rapport 
des masses effectives esl: 


^ = — = 1,415 (moyenne) 
Ar?oi A 


Le rapport des axes de Tellipsoide est: 


fi 



p.: m 

P^\ BEc. 


Le nombre N de vallees ellipsoi'dales de la 
S.F. s’obtient en comparant le nombre Wsv/w 
d’electrons par ellipsoi’de de Fermi obtenu 
a partir de Teffet SdH et le nombre total de 
porteurs U/, obtenu a partir de I'effet Hall: 


jyi - sin^^ + /yziS cos“6) 

I. Ey ( I E EyiEr, )J 

(6,4) 

oil B = (B, p;,), Tinduction B etant situee 
dans le plan (p,, p^), on voil done que la 
variation de P^ en fonction de sin**^ S doit 
etre lineaire, lorsque la S.F. esl un ellipsoide. 

Nous avons lisse les resultats experi- 
menlaux obtenus pour la variation angulaire 
des periodes par la formule ci-dessous, en 
utilisant le critere des moindres carres. 


'6/ ^ j 


( 6 . 6 ) 


^ ^ _i (2eYy 1 
47r^ 37r^fij \P^P,PJ 


(6.7) 


V volume limite par une ellipsoide de Fermi, 
Pi sont les periodes principales (Pi = P^). 

Nous avons porte Tensemble des resultats 
sur le Tableau 2. On en deduit: /V, = I 
II n’y a done qu’un seui ellipsoide de Fermi. 
Nous allons a present etudier les masses 
effectives 
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Fig. 6, Variiltion du carr6 de la pcriode en fonction de sin^ ij? ou 
esl Tangle de I’mductjon avcc Taxc c; lissage par la m6thode des 
jnoindtev canes, pour une variation correspondant a un ellip- 
soide exp6r , ellips. 


6.2 Variation de I'ampiitudc des oscillations 
aver la (emperainre ct didcrniination des 
masses effectives 

La formule donnant la partie oscillatoire de 
la magnetoresisiance est tres complexe dans le 
cas ou la S. F. se compose de plusieurs ellip* 
so'i'des fcf. par. 1). Dans notre cas, celui 
de Cd 3 As 2 , d’une part la S.F. se compose d’un 
seal ellipsoide, et d’autre part les harmon- 
iques de la frequence fondamentale sont tres 


attenues, grace en particulier a la technique 
de filtrage TBF. On peut done se limiter a un 
seul terme dans la partie oscillatoire; Tampli- 
tude du fondamental est alors: 


|A^ 

IPo, 




T exp(~ 


iTT^kTpXm^ 
he 



a'rr^kTXm^ 

he 


X^VB (6.8) 
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Tableau 2. Rhultats des mesures des pirlodes: Ussage des r^sultats par un modele 
ellipsoidal de la surface de Fermi 


Echanlillon 

) 0^ (P6riodes)* 
(MVWb*) 
calcul6es 

Rapport 

d'anisotropie 

Deviation 
quadratique 
moyenne 
par rapp. ellips. 

Concentration 
electronique 
par ellipsoide 

Concentration 
Electronique 
totale 
(Effet Hall) 

N ombre de 
vaJlees 


A 

B 

BIA 

(%) 

n.vdtf 

(10'«cm'=*) 

(10“*cm~^) 

N. 

m.p. 1 

2,53 

3,55 

(,405 

0,7 

2,61 

2,50 

I 

m.p. 3 

2,895 

3,94 

1,36 

LO 

2,40 

2,08 

I 

m.p. 4 

3,31 

4,66 

L41 

1.0 

2,11 

2,14 

1 

m.p. 131 

3,77 

5,18 

L37 

1.5 

1.95 

1,73 

1 

m p. 142 

7,14 

10,97 

1,54 

5,5 

1,12 

\M 

1 

m.p. 151 


5,52t 



1,87$ 



m.p. 144 


3,92t 



2,42$ 



m.p. 20^ 

0,61 

0,61 

1,00 


8,30$ 




tPiriodcs mesurees. 

tEn supposant une anisotropie de 1 ,40. 

§ Mesures effectuees sur un ^chantillon de faible mobilite, dopi au lithium. 


m* est las masse effective cyclotron definie 
par: 

T est la temperature, Tp est la temperature de 
Dingle (cf. par. 1 ), reliee a un temps de relaxa- 
tion et M est une constante. 

Pour B fixe (X = l/B), on obtient m* a 
partir de la variation de Pamplitude en fonc- 
lion de la temperature 


Po 


^ ShilTT^kTXm^Ihe) 


( 6 . 10 ) 


valeurs de Pinduction magnetique. La dis- 
persion est assez faible, environ 3%. La Fig. 
7 donne un exemple de lissage. On constate 
que Ton ne peut pas approximer la fonction 
hyperbolique par une exponentielle: les varia- 
tions ne sont pas lineaires lorsque Pechelle 
des ordonnees est logarithmique. D'ou la 
necessite d’utiliser un programme de lissage 
non lineaire. ^ 

Nous donnons sur le Tableau 3, en fonction 
des concentrations electroniques des differ- 
ents echantillons etudies, les valeurs des 
masses effectives obtenues lorsque B est 
parallele a Taxe c du cristal. 


Nous avons mis au point un programme de 
lissage, par le critere des moindres carres 
pour analyser la variation de Tamplitude des 
oscillations. 

La difficulle provient du fait que le para- 
metre a determiner (m* out To) ne figure pas 
lineairement dans les formules. Nous nous 
sommes fortement inspires d’un programme 
mis au point par Soule et a/. [16]. Les calculs 
ont ete fails sur un ordinateur Univac 1107. 
Du fait de la non linearite, il est necessaire de 
partir de valeurs d’approche des parametres. 
Les calculs ont fails pour differentes 


Tableau 3. Variation de la masse effective, 
en fonction de la concentration electronique 
lorsque I* induction magnetique est parallele 
d Vaxe c 


Echantillon 

p* 

(m^/Wb) 

m*lm 

nvdH 

U0‘“c[n~^) 

m.p. 1 

0,0188 

0,042 

2,61 

m.p. 3 

0,0198 

0,0437 

2.40 

m.p. 4 

0,0216 

0,0395 

2.15 

m.p. 13 1 

0,0227 

0,0395 

1.95 

m.p. 142 

0,0331 

0,031 

1.12 

m.p. 20 

0,0078 

0,065 

8.30 


•F esl la p^riodc des oscillations . 
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I 1 ^ 7 neCcrminjUion clc la masse effective cyclotron a partirde la 
vanation dcs amplitudes oscillaloircs en fonction do la lemperatuie, 
C'omparaison des valeurs expenmentales cl des valeui's calcuJees 
par lissage non Imeaire, par les moindres carres. Fchanlillon m.p, .1 
tc, H) (V\ f cKpenmcnlal, ( ) lissagc On prend pour valcur eJe ni*, 
!a moyenneobtenue pour plnsicurs inductions magneliques. 


On volt que la masse clFc Clive cyclotron 
varie sensiblement en fonclion de la concen- 
tration cleclroniquc. ce qui nous oblige a 
envisager un modeic non parabolique de la 
bande de conduction, com me on a commence 
a le faire au par. b. 1 . 

6.3. Modeic non parabolique de la hande de 
i'onduetion 

Nous nous limiierons a la direction ou 
B esi parallele a I’tote c, cn tenant compte 
du fait que car Tellipsoide de 

Fermi esi de revolution autour de c. 

Dans ces conditions, la periode F est 
oblenue a partir de Tequation (6.4) en faisant 
0 . 




eh 1_ 

£:/..( 1 -f £/.'/£,;) wji 


et la masse cyclotron correspondante est; 



D’ou il resultc, en eliminant Tenergie de Fermi 
une relation entre la masse cyclotron et la 
periode [1 7]; 


'lll'f (6-13) 

^ m /«=„ \ni j m £,■ m P' 


m est la masse de Pelectron libre. 

II suffil done de tracer la variation du carre 
de la masse cyclotron mesuree» en fonction 
de rinverse de la periode; si le modele esi 
verifie, on doit trouver une droite. Nous avons 
represente cette variation sur la Fig. 8. On 


( 6 . 11 ) 
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Fig. 8. Variation du c:irre dc la masse cyclotron en fonction de ('inverse 
de la periodc. La variation lineaire obtenue est en accord avec un 
modele non parabolique de la bande de conduction, La pente est de 
(31 ±5) 10 ^m’^Wb ', onentation: (c, B) 0°, 


constate que la variation est raisonnablement 
representee par une droite. La pente de cetle 
droitc est: 

s=(31±5)10-«^. 

Cetle pente est reliee au carre de Tele- 
ment de matrice de Poperateur impulsion pris 
entre les etats de la bande de valence et la 
bande de conduction [17], on a dans notre cas: 


_ Eg _ Aeh 
m*Jm ms' 


(6.14) 


{15±2)eV 


Cette valeur est voisine de celle trouvee 
pour les composes 1 1 -VI et 1 1 1-V : 

InSb /"?,= 20eV 
CdTe P5,= l7eV. 

La droite representee sur la Fig. 8 n'est 
pas definie assez precisement pour que Ton 
puisse determiner la masse effective en has 
de bande m* et obtenir ainsi grace a (6.14), la 
largeur de la bande interdite d'interaction 
E(;, On ne peut done pas calculer exactement 
Penergie de Fermi. On peut avoir une limite 
inferieure de Ey, en utilisant les equations 


On trouve: 
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(6.11) et (6.12) et en supposant la bande 
parabolique, etanl la masse cyclotron 
mesLiree. On trouve alors que EJ, varie de 
0, 1 1 eV pour Techantillon le moins dope a 
0, 23 eV pour le plus dope, les temperatures 
dc Permi correspondantes etant de 1300''et 
26M)”K, bicn superieures aux temperatures 
d’expehences qui son! inferieures a 40‘'K. 

Connaissani les masses effectives, on peut 
determiner les temperatures de Dingle en 
etudiani la variation dc I’amplilude des 
oscillations en fonction de I’induction magne- 
lique: i) suffit de se rapporter a la formulc 
(6.H). 

6.4 Temperatures de Dinj^le 

Elies ont ete determinees par le lissage de 
la variation des amplitudes en fonction de 
X— l/B, toujours en utilisant le critere des 
moindres carres. fei, le programme a realiser 
est plus simple que pour la determination de 
m*: en effel, on voit d’apres la formule (6,8) 
que I'on peut lineariser Texpression neces- 
sairc au calcul de ct Ton obtienl: 


y 


shiCXT} 

A 1 

p« 

1 . 


= log /I -CX1'„ (6J5) 

avec ( - {277" I eft). A cst un parametre 
independant de la temperature el de Tinduc- 
tion magnetique. 

Nous donnons dans le 1 ableau 4 les tem- 
peratures dc Dingle, a 4,2''K, obieniies par 
Ic procede decrit. A time de comparaison, 
nous y avons fail figurcr les valeurs I'niH) 

TahleiiU 4. Valeurs des tempaatures de 
Dinf^le et des temps de relaxation 


t chaniiilon 

m 

m 


xfm' 

m.p. 1 

14.3 

i.i 


1,12.10 

mp 

7.8 

0,6 

(,S3.10-‘^ 

2.I6.I0-" 

m.p. 4 

17 

0,7 

0.71.10 

1.62.10- " 

m.p. 131 

7,2 

0,7 

1,68 10 

Lno.io-'-" 

m.p. 142 

11,4 

1,0 

1,06, 10- '» 

1,22.10'’® 


calculees a partir de la mobilite de Hall: en 
utilisant le resultat de Kubo 


TviH)^ 


h 

iTrkrf 


h e 
Zirkpimt 


(6.16) 


ou 7f est le temps de relaxation. On a egale- 
ment indique les valeurs de ce dernier, cal- 
cule a partir de/x et de Tp 



T(SdH) 


h 

2nkTn 


(6.17) 

(6.18) 


On voil qu’il y a un ordre de grandeur de 
difference entre les parametres d’amortisse- 
ment obtenus a partir de I’efFel Shubnikov 
de Haas el ceux obtenus a partir de la mobilite’ 
de Hall. Ce resultat peut avoir plusieurs 
causes: 

(1) Ilya probablement des causes d'amor- 
tissement supplementaires provenant par 
cxemple des inhomogeneiles dans la reparti- 
tion des impuretes dans les cchantillons. 

(2) La theorie uliiisee est approximative. 

Nous allons a present resumer les resul- 

tats des effels galvanomagnetiques classiques 
et voir s’ils corroborent ou non la structure 
de bande proposee pour CdjAs^: un seui 
ellipsoVde allonge suivant I’axe c du cristal. 


6.5. Tff iOs ^mlvanonui;>fn lUlqiies classiques 
Nous avons mesure la resistivite, le coeffi- 
cient de Hall el la magnetoresisUince: 

6.5.1. RiKsistivite. Nous avons mesure, 
pour plusieurs cchantillons, Tanisotropie de la 
resistivite a 3(X)°, 78° et 4.2°K. La theorie 
clendue a un modele non parabolique prevoit 
dans le cas d’un ellipsoide de Fermi allonge 
suivant Taxe c, que Ton a, lorsqu’on fait 
I’hypothese de I’isotropie des temps de 
relaxation (r;, = ri), par manque d’autres 
donnees concernant Cd.^Asg: 

pii fftih 

On trouve une valeur moyenne de 1 ,56, pour 
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ce rapport, qui est en accord raisonnalbe, 
compte tenu des erreurs experimenlales avec 
le rapport d’anisotropie de masse effective 
de 1,41, trouve au par 6.1 d’apres la varia- 
tion angulaire des periodes. 

6.5.2. Effet Hall, La theorie prevoit qu’il 
n'y a qu’un seui coefficient de Hall et qu’il 
est independant du lenseur de masses effec- 
tives 


312 

^213 


Pijk 


B 


( 6 . 20 ) 

( 6 . 21 ) 


p,j*. sont les composantes du tenseur de resis- 
tivitede Hall. 


rinduction magnetique B est orientee 

suivant Taxe k 

le vecteur de densite de courant suivant 

Taxe j 

la ddp de Hall est mesuree suivant I’axe i. 

Nous avons verifie sur Pechantillon m.p. 
131 que le rapport (R[inl ^ 213 ) reste constant 
et voisin de 1 , aux erreurs d’experiences pres: 
i! vaut 1 ,04. Pour cela, nous avons fait varier 
rinduction magnetique de 0,140 a 1,06 
Wb/m^ a deux temperatures differentes: 
7’‘= 300°Ket7’=78"K. 

Les resultats des mesures d’effet Hall sont 
done egalement en accord avec le modele 
de surface de Fermi propose. 

Voyons a present la magnetoresistance: 

6.5.3. Magn^toresistance. La theorie predit 
que la magnetoresistance est nulie, dans le cas 
ou il n’y a qu'un ellipsoide et si Ton se limite 
au premier terme du developpment de 
Sommerfeld. Meme si Ton tient compte des 
termes d ordre superieur du developpement 
de Sommerfeld, on peut montrer que dans 
notre hypothese la magnetoresistance doit 
etre proportionnelle a aux faibles induc- 
tions. 

Or, des experiences dont nous n’indiquons 
ici que les resultats nous ont montre que: 

(1) Le gaz d electrons est degenere et Ton 
observe cependant de la magnetoresistance; 

(2) Celle-ci ne varie pas comme (3) De 


plus, elle ne correspond pas au 2eme terme 
du developpement de Sommerfeld de I’inleg- 
rale de transport. En effet, la variation avec 
la temperature que nous avons mesuree 
n’est pas celle qui est predite par ce develop- 
pement et qui doit etre en pour les phonons 
acoustiques [ 1 8]. (4) Signalons egalement 
que nous avons observe de la magnetoresis- 
tance (aussi bien longitudinale que transver- 
sale) negative, dans certains echantillons. 

Ces quatre observations ne peuvent pas 
s’expliquer par Texistence d’un seuI type de 
porteur degenere et d’une surface de Fermi 
composee d’un seui ellipsoide. Ce point 
reste obscur. L’explication de ces pheno- 
menes pourrait etre recherchee dans les deux 
voies suivantes: 

L’existence d’un second type de porteurs, 
non degenere, de faible concentration et 
d’assez forte masse effective, Cette hypo- 
these qui semble expliquer les resultats 
obtenus dans des mesures de la piezoresis- 
tance sur Cd3As2[19], notamment la tres 
grande anisotropic de celle-ci, permettrait 
de rendre compte de I’existence d’une mag- 
netoresistance positive. 

L’influence des inhomogen^tes qui 
peuvent produire de la magnetoresistance, 
aussi bien negative que positive [18]. 

CONCLUSION 

Nous avons utilise I’effet Shubnikov de 
Haas pour determiner la structure de bande 
de Cd^Asa, semiconducteur degenere de type 
n. 

En associant la variation de rinduction 
magnetique en I /Boo/ et les techniques de 
filtrage electronique TBF avec une exploita- 
tion des resultats sur ordinateur, on ameliore 
considerablement les resultats obtenus. 

La surface de Fermi propos6e se compose 
d’un seui ellipsoide allonge suivant laxe c, 
et de revolution autour de celui-ci. Le rapport 
des axes est de 1,18 et se conserve dans le 
domaine de concentration etudil 
De plus, la masse cyclotron a la surface de 



J402 


I. ROSENMAN 


Fermi varie avec la concentration passant 
de 0,042 m a 0.065 m lorsque celle-ci varie 
de 2,60 a 8,30.I0'”cm“\ dans une direction 
ou rinduction B est parallele a I'axe c. Cette 
variation est en accord avec un modele non 
parabolique de ia bande de conduction. 

La valeur du carre de lelement de matrice, 
qui caracterise Tinteraction de la bande 
de conduction ct de la bande de valence, a ete 
determinee. On trouve /V - 15 eV, valeur 
voisinc de cclles intervenant dans les com- 
poses lll-V (20 eV). 

Des mesures plus precises, en particulier 
sur les effcls oscillatoires seraient neccssaires 
pour deicrminer la largeur de ta bande inler- 
dite d'interaction et la masse efl'ective en has 
de bande, ainsi que pour expliquer la magneto- 
resistance, 

REFERENCES 

I, l.trSHirZl M ctkOSEVK HA M , Smiicl Phvs 

2 KUHO R , MVAKF S. J el HASHITSUMB N , 
S<ili(l Sidle (Rdile par SeiUell urnbull). Vol 

17, P 2b'). Wiley, New YorkH^bM 
1 1 11 SUIT/, I, M. el KOSf'VK’ll A. M.J. I’hys. 
( hem .SolulsA. I (1958 1, 


4, ZDANOWICZ W., LUKASZEWICZ K. el 
TRZEBIATOWSKI W., Bull Acad. pohn.Sci. See. 
Sri C/iim.U, 169 (l%4). 

5, SEXER N„ J. Phys. Rad 22. 807 (1961); Phys. 
Slatas Solidi 14, K43 (1966); Thise, Paris (1965). 

6, ZDANOWICZ W„ Proc. Ini. ConJ. Semicond Phyi 
Prafiue I960, p. 1095; Ada Phys. Polon. 20, 647 
( 1961 ); ihid. 21, 541 (1962), ibid 25, 663 ( 1 964), 

7, UGAI Y el ZYCBINA T. A., Izv. Akad Naid. 
SSSRNeory.Mal.l. 860(1965). 

8, LOVETT D. R. et BALLENTYNE D. W. G., Bril. 
J.Appl. Piiyj. 18, 1399(1967). 

9, TURNER W.J .FLSCHI ER A. S. et REESE W. E., 
Phys. Rev. 121,759(19611 

1 0 MOSS r. S . Pruc. phys Soc. B63, 167 ( 1 950). 

11. HAIDEMENAKIS E. 0,. Solid Slale Commun. 4, 
65 (1966): Bull. Am. Phys. 11. 401 (1966): Siipp. J. 
phy.i. Japan 21 (1966). 

12. .SAINT MARTIN J, P. et ROSENMAN I., Phys. 
Slams .Solidi 11.789(1965). 

13. R(7SENMAN I., These, Pari.s (1967) (Bibliographic 
plus eomplete sur C djAs^). 

14. KOLTIRINE B. et CHAUMEREUIL M., Phy.s. 
Smius Solidi 13. Kl (1966). 

IT COHEN M.H..P/iy.s.Reii. 121. 387(1961). 

16. .soul E D, R., McCLURE J, W. et SMITH I. B.. 
Phys.Rev.i3i. 1453(1964), 

17. EIIR.T M. R, HORST R,B,,Wll.LIAMS L.R. el 
CURE H. F, Proc. Ini. Conf. Phys. Semkond. 
Kyolo 1966. Sapp. J. phys. Soc Japan 21. bbb l\966). 

18 BEERS A. C., Galvanomopnelic effecis in .semi- 
rondmlors Supp. 4 loSolidSl. Physics (1963). 

19 Cl AVA(iUERA M. T., These 3e cycle, Paris 
1 1 969) A paraitre 



J. Fhys, Chem. Solids Pergamon Press 1969. Vol. 30, pp. 1403-1406. Primed in Great Britain. 


INFRARED DIELECTRIC DISPERSION IN DIVALENT 
EUROPIUM CHALCOGENIDES 

J. D. AXE 

IBM Watson Research Center, Yorklown Heights, N.Y. 10598, U.S.A. 

[Received November 1968) 

Abstract-The infrared reflectivity of EuO. RuS and RuSe have been measured at room temperature. 
The results were analyzed by classical dispersion theory to obtain dielectric response and the long 
wavelength optical phonon frequencies of these materials. Distortion of the valence electrons by short 
range forces appears to be an important factor m determining the effective charges of the ions. 


There has been considerable recent interest 
in the magnetic, magneto-optical, and electrical 
transport properties of divalent rare earth 
compounds with the Group VI elements 
[1-3]. We wish to report the results of an 
i.r, optical study of the dielectric dispersion 
and optical phonon modes in three europium 
chalcogenidcs, EuO, EuS and EuSe. 

KuO crystals were grown by Dr. M. Shafer 
using a previously reported procedure [4]. 
The EuS and EuSe crystals were grown from 
a melt in an evacuated tungsten crucible by 
Holt/berg. Surfaces suitable for specular 
reflectance were prepared by standard metal lo- 
graphic polishing procedures on single crystal 
or polycrystalline specimens of all three 
materials. With both EuO and KuSe it was 
possible to also make measurements on 
cleavage faces. The reflectivity was measured 
at near-normal incidence by point-by-point 
comparison with an aluminized surface at 
many frequencies between 50 cm“^ and 4000 
cm '. A grating monochromator provided 
radiation with a spectral bandwidth ranging 
between I cm“‘ and 10 cm All measure- 
ments were made at room temperature. 

Reflectivity data, representative of the 
three materials, is shown in Fig. 1-3. Two 
different methods were used to derive the 
optical constants from the measured reflec- 
tivity. The first consisted of a least-square 
adjustment of the parameters of a classical 
oscillator response function of the form, 


€((!)) - too = y (ill - 0 )^ iyiw) . ( * ) 

n 

The best fitting reflectivities derivable from 
this functional form arc shown as solid lines 
in Figs. 1-3. For EuS and EuSe a single 
resonant term in equation ( I ) provided a satis- 
factory representation of the observed re- 
flectivity data. This is entirely in accord with 
our expectations based upon the existence of 
a single transverse optic phonon frequency 
for materials with the cubic rock salt struc- 
ture. In EuO, however, besides a strong 
primary resonance at about 200 cm~', it was 
necessary to assume another much weaker 
resonance at higher frequencies in order 
to account for the pronounced dip in the 
reflectivity seen at about 350 cm”'. 

In the second method of analyzing the 
reflectivity data use was made of the phase 
shift' dispersion relation[5] in order to cal- 
culate all the pertinent optical constants. For 
any one sample the dielectric response result- 
ing from this procedure was very similar to 
that predicted by the best fitting classical 
oscillator response function. Since this latter 
procedure furnishes a much more economical 
summary of the derived optical constants, we 
have chosen to report only these results, given 
in Table 1. With regard to these results, it 
must be pointed out that relatively minor, 
but definite, differences were observed in 
the measured reflectivities of different samples 
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Table I. Summary of classical dispersion analysis of the i.r. dielectric response 
of three europium chalcogenides 



12, 

(cm^) 

y 

A€ 

Qf 

(cm"’) 

et[le 

KuO 

Model 199-3±I5 
Mode 2 350-1 ±1-4 

23-0±l'3 
25-7 ±2-1 

5-3 ±0-4 

18-5 ±3-6 

0-08 ±0-0! 

346-3 ± I 

426-8 ±5 

M2 

EuS 

178-4 ±2-0 

12-l±3-2 

c„ = 23-9±4-0t 
««==5-0±0-6 

6-1 ±0-9 

266*5±1 8 

1-01 

EuSc 

127-8±0-5 

9-5 ±2-0 

lJ-J±l-5 
€* = 4-7 ±0-2 

4-7 ±0-6 

182 ±3 

0-97 




(0 = 9*4 ±0-8 




tThe error limns shown on €*, Ae and represent (indirectly) estimates of the absolute accuracy 
of the reflectivity measurements at various wavelengths. The error limits on the other quantities 
represent deviations between least square fitting at two or more samples of the same material 


of the same material It is possible that some 
of the discrepancies arose in surface prepara- 
tion, but since it was not clear that this was 
the only factor, we chose to separately fit 
the results from all samples and to treat the 
results on an equal footing. The values given 
in Table 1 are thus an average set of para- 


meters which fit no single set of data. The 
error limits, however, were chosen large 
enough to include the variations found among 
individual samples. 

Berreman[6] has shown that the presence 
of microscopic pits or foreign inclusions in 
an otherwise specular surface can give rise 
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to spurious structure in the reflectivity 
spectrum of a substance similar to that 
observed in our EuO samples. The effect we 
observed was not introduced during surface 
preparation since it was clearly present in 
cleaved and polished surfaces alike. The 
possibility remains that inclusions of some 
sort distributed throughout the bulk of the 
material are responsible, but it appears more 
likely that the observed minor mode is intrin- 
sic to TuO and associated with multiple 
phonon absorption. In this regard it is of 
interest to note that the reflectance spectra 
of the isomorphic alkaline earth oxides MgO, 
CaO and SrO all appear to show very similar 
(and incompletely understood) structure near 
the short wavelength edge of the principle 
rest ra hi hand [7). 

The parameters w, are to be identified with 
the frequency of the long -wave length trans- 
verse optic modes. Estimates of the frequen- 
cies of the longitudinal optic modes, 1^, 
which arc important in any discussion of 
cleclron-phonon coupling, were obtained 
from the poles of '(X|, and are also 

listed in I able 1 . 

Another quantity of interest which can be 
derived from these measurements is the 
S/igeti effective chaigc of the ions, ai rived 
at by correcting the fundamenial mode reson- 
ance strength, At, for elect ionic polarization 
effects due lo local electric fields 1 9, 1()|. 



where r ~ unit cell volume and 
(w, T m ) IS the Tcduced mass' of the unit 
cell. In fully ionic compounds the deviation 
ol from the formal ionic charge is taken to 
he a measure of the distortion of the outer 
electron shells by interatomic repulsive forces. 
A relationship between the effective charge 
and the electronic polari/abilily of ions, a, 
has been noted for several types of materials, 
and simple shell model considerations suggest 
the effective charge for series of chalcogenide 
compounds MX, should be related to a dimen- 


sionle.ss polarizability parameters == {Karle^) 
in an approximately linear wayflOJI]. 
(/C = + is the effective 

short range force constant coupling the 
positive and negative sublaltices[9]. The 
fact that such a correlation is indeed possible 
(Fig. 4) suggests that ion shell distortion is 
important in determining the effective charges 
of simple chalcogenide compounds, although 
undoubtedly covalency also plays some role 
in reducing the effective charges. 



Q - 1 i L. 

10 15 2-0 ^5 50 

lKo^/e2) 


I 4 A coirelalion oi' the S/igcli eHcclive ehaiges. 

o( Ihe euiopium chalcogenidcs wnh the reduced 
elcelu>nie p<)la^zabll^ue^ ol' the anions (The polari/a- 
hililics, are taken from Tessman, Kahn and Shockley, 
Fhys /^^■i\92.X90(I9S3)). 
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this work 
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A STUDY OF THE SUPERCONDUCTIVITY OF 
ANTIMONY UNDER PRESSURE AND A SEARCH 
FOR SUPERCONDUCTIVITY IN ARSENIC* 
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Abstract -The high pressure phase of antimony stable above 85 kbar is superconducting. 7 he transi- 
tion temperature is 3'5.5®K at 85 kbar, decreasing very slightly with pressure. Neither an analogous 
phase transformation nor superconductivity wa.s found in arsenic up to 200 kbar. 


Superconductivity of pure Sb was first 
observed below about 2*7°K in a metastable 
phase of unresolved structure which was pre- 
pared by releasing pressure in excess of 100 
kbar at 77°K[1]. Preliminary results on the 
behavior of thin films of Sb condensed onto a 
cold substrate at helium temperatures reveal 
superconductivity [2J, if the vapor consists at 
least in part of Sb-atoms(3] besides a variety 
of Sb-molecules normally found in the vapor. 
These widely different quenching techniques 
apparently are capable of producing meta- 
siable structures which are metallic and super- 
conducting in contrast to normal rhombo- 
hedral Sb. For a better understanding of these 
data, it is desirable to report the supercon- 
ducting properties of Sb under true equilibrium 
conditions at high pressure. The recent 
discovery of superconductivity of metallic 
phosphorus under pressure [4, 5], prompted 
this search for superconductivity in antimony 
and arsenic which are in the same column of 
the periodic table. 

The high pressure apparatus and the experi- 
mental procedure have been described in 
detail [6]. The electrical resistance of high 
purity powder samples is studied in its depen- 
dence on pressure or temperature. Fig. 1 is a 

‘Research sponsored by the Air Force Office of 
Scientific Research. Office of Aerospace Research, 
United States Air Force, under AFOSR grant number 
AF-AFOSR-63L67. 



r !g. I . Room temperature resistance of Sb vs. press force. 
For this specimen was measured at 85 kbar. 1 50 kbar 
and, for a two phase sample, again at 85 kbar. 

typical plot of the room temperature resis- 
tance of Sb against press force which shows a 
large resistance increase [7] caused by a first 
order lattice transformation at about 85 kbar 
(pressure according to Bridgman’s old ‘V- 
scale’). As might be expected, as well as from 
the position of antimony in the periodic table 
and the various quenching experiments cited 
above, this high pressure phase, in fact, turned 
out to be superconducting. 

At room temperature the phase trans- 
formation went to completion at constant 
pressure generally within a few minutes (cf. 
Fig. 1. Resistance drift indicated by the verti- 
cal dashed line at 85 kbar). After cooling the 
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sample in (his state of compression at SS kbar, 
we found repeatedly a critical temperature of 
3’55®±0-02°K (Fig. 2» curve JJ. As discussed 
elsewhere [6] the midpoint of the transition 
(R/R„ = 0-5) is considered as a representative 
value of Tr belonging to the mean sample 
pressure. On further increase of pressure, T,. 


By means of the inhomogeneous pressure distribution 
along the sample length on the pressure releasing cycle it 
IS easy to study a two-phase sample; the two phases being 
sparia/ty separated but electrically connected in series, 
Thus the pressure was removed at room temperature 
until just a small portion of the sample had reconverted to 
the low pressure phase as evidenced from a slight resis- 
tance drop (cf. Fig. 1). The center part of the specimen, 
always experiencing a higher pressure, remained in the 



TEMPERATURE/K 

hig 2 Superconducting transition curves of Sbll l;p = 85kbar. 
2; 150khar, 3 85 kbar, 4, 5, 6; pressure successively removed to 
ambient at 4'*K. 


is shifted only very slightly (in contrast to the 
majority of non-lransition metal supercon- 
ductors) to lower temperatures, 7V being 
3-40°K at about 150 kbar (Fig. 2, curve 2). 
Several independent measurements at inter- 
mediate pressures revealed superconducting 
transitions between these temperatures. Thus 
the very small negative pressure dependence 
of 7 ; (d7V/d;?=-2’5xl0'«"K/bar) has been 
clearly confirmed for this high pressure phase 
between 85 and 1 50 kbar. 

From X-ray work there is still remarkable 
uncertainty concerning the sequence and even 
the structure of pressure induced polymorphs 
of Sb[], 8]. An additional simple-cubic phase 
is claimed to exist in a narrow pressure inter- 
val between about 70 and 85 kbar[8] in close 
analogy to the cubic phase of phosphorus at 
high pressures [9] which is superconducting 
[5]. Therefore, it was decided to examine this 
pressure interval more carefully in order to see 
whether this phase is also superconducting. 


high pressure phase, At low temperatures, a supercon- 
ducting transition was found around 3-55'’K (Fig. 2, curve 
3) which undoubtedly belongs to that part of the sample 
which is still in the high pressure phase. A normal 
conducting ‘tail’ indicated that the reconverted portion of 
the sample in the low pressure phase is not supercon- 
ducting down to 1'3“K, if at all. Hysteresis of the reverse 
phase transformation on the pressure releasing cycle may 
inhibit the formation of an intermediate cubic phase 
between 20 and 85 kbar in this experiment. Therefore, an 
analogous experiment was done on the pressure increasing 
branch. Starting from zero pressure, the pressure distri- 
bution is known to be very inhomogeneous along the 
sample upon a second application of load in this opposed 
anvil device. Utilizing this feature one easily gets a two 
phase sample similar to that during the release of pressure, 
The low temperature measurement again gave a resis- 
tance drop at 3 55°K and a normal tail down to the lowest 
temperature due to the untransformed portion of the 
sample. 

Thus the present low temperature data 
clearly show that if an intermediate simple- 
cubic phase really exists, it must be non- 
superconducting or superconducting with the 
same Tr as the high pressure phase (i.e. 
approx. 3‘55°K). 

On further release of pressure at 4-2°K in 
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several steps the superconducting transition 
successively shifts to lower temperatures 
(Fig. 2, curves 3*5). Finally, at ambient 
pressure a broad transition between I T and 
3'2°K was observed (Fig. 2 curve 6). The 
location of this broad zero pressure transition 
was not reproducible. Two independent 
experiments gave transitions between 2-7° and 
3 ]°K. However, these temperatures are very 
close to that observed previously {Tc “ 2TK} 
for samples which were similarly quenched at 
liquid nitrogen temperature [1]. 

From the X-ray pictures of Sb at high 
pressure (90 kbar) and of the quenched phase 
at zero pressure, there was already some 
doubt concerning the identity of these phases 
[I). This view is strongly corroborated by 
the present Tp-measurements. Under the 
plausible assumption that the sign of dTjdp 
will not change below 85 kbar for the high 
pressure phase, one would expect a higher 
than 3*55°K at zero pressure for the pure 
retained high pressure phase, contrary to our 
observation. The broad zero pressure transi- 
tions (which cannot be attributed to pressure 
inhomogeneity) are another indication that 
the high pressure phase cannot be quenched 
to zero pressure without partial or full 
transformation into another modification. 

Arsenic, now in the periodic table nearly 
completely surrounded by elements which 
possess superconducting metallic modifica- 


tions under high pressure, very likely will 
become superconducting if the covalent bonds 
of the normal semimelallic rhombohedral 
structure are destroyed. Yet no similar high 
pressure phase transformation as in Sb has 
been observed. Three runs were made on As 
to pressures as high as 200 kbar (the ultimate 
limit of the present unsupported opposed anvil 
press, using heavily workhardened pistons). 
No resistance anomaly with pressure was 
found at room temperature, and no sign of 
superconductivity was detected at this 
pressure down to 1 

Apparently, as a general feature, both As 
and Sb have much higher transformation 
pressures to the first truly metallic modifica- 
tion than their neighboring elements in the 
fourth and sixth column of the periodic table: 
Ge (--115 kbar) and Se (^130 kbar), Sn 
(~0kbar) and Te (~43kbar) respectively. If 
there exists a lattice transformation in As at 
higher pressures to a structure which is 
isomorphous to the high pressure phase of Sb 
we predict a higher (about 5°K) for this 
hypothetical superconducting As than for Sb 
at 85 kbar. Despite the lack of full verification 
by X-ray structure determination under 
pressure, there seems to be a strong tendency 
among nontransition elements of the same 
group, especially following the 3d and 4d 
transition series, to adopt isomorphous 
crystal structures under pressure. A compari- 


Tahle I. Superconducting transition temperatures of non- 
transition metals following the 3d and 4d transition series 
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son of the critical tempeatures Tc of such pairs 
(Zn-Ccl. hep, isomorphous and metallic 
already at ambient pressure; Gall-In, fet; 
Gell-Sn, white tin structure; Sell-Tell, 
structure still unknown) shows that so far 
without exception the lighter element has the 
higher 7^,. 

This can readily be seen from Table I which 
contains the relevant data. The pressures 
listed are the transformation pressures to the 
metallic phase or zero if the element is metallic 
already at ambient pressure. 

In order to see whether this empirical rule 
for the magnitude of T- for the special class of 
non-transition metals considered here is not 
completely fortuitous, it would be most helpful 
to have a structure determination of the super- 
conducting modification Sell and Tell. 
In addition, a search for superconductivity 
in As at the highest pressures which can be 
achieved today in static high pressure 
apparatus, very likely will provide some check 
for the outlined general rule. It should be 
noted, however, that the apparent trend of the 
T.-values does no! hold for I he sixth period: 


the high pressure modification Bill I which 
presumably is isomorphous to Sbll[l] has a 
much higher Tc (7-2°K) than Sbl I, 
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Abstracl-Mclting curve of germanium has been determined to 65kbar in a single stage piston- 
cylinder apparatus. The melting curve is slightly concave towards the pressure axis. This trend is 
apparently in agreement with Bundy’s data reploticd on the revised pressure scale. 


INTRODUCTION 

The melting curve of germanium was first 
reported by Hal![l] up to a nominal pressure 
of 180,000 atm. The results of Hall's measure- 
ments in belt apparatus were revised by Bundy 
and Strong! 2] who showed that the pressure 
of 1 80,000 atm in Hall's experiment cor- 
responded roughly to iOO to 1 10 kbars. Hall's 
mclling data did not extrapolate to the I atm 
melting point. The initial slope of the revised 
melting curve was — 5-5°C7khar. Jayaraman 
Vi a/. (3) reported the melting curve of german- 
ium along with those of some other semi- 
conductor compounds. These determinations 
were made in piston-cylinder apparatus. The 
melting curve reported by these authors ex- 
trapolates to the I atm melting temperature of 
936T and has a constant slope of ^3'8T/kbar 
up to 50 kbar. Bundy [4] has reinvestigated the 
phase diagrams of germanium and silicon to 
200 kbar and lOOOT in belt apparatus by 
observation of electrical resistance changes. 
Bundy reported that the melting curve of 
germanium had a slope of “3-3°C/kbar up to 
ihe triple point of the semiconducting, the 
metallic and the liquid phases at 103 ±5 kbar 
and 600 ± 15°C. The triple point co-ordinates 
estimated by Jayaraman ei al. from the extra- 
polation of their melting data and by analogy 
with the phase diagram of InSb are 1 15 kbar 
and 500T. 


*PubliLaiion no 718 Institute of Geophysics and 
Planetary Physics. University of California. Los Angeles, 
Calif 90024. U.S.A, 


The nature of the semiconductor to metal 
transition in germanium al about 120 kbar al 
room temperature has been studied by Mino- 
mura and Drickamer[5] using a high pressure 
electrical resistance cell and by Jamieson |6] 
in the X-ray anvil apparatus. Bates et u/.[7] 
have reported on the metaslable phases of 
germanium. 

The present study reports the melting curve 
of germanium to 65 kbar as determined in 
single stage piston-cylinder apparatus and 
compares it with those of Jayaraman et al. and 
Bundy. 

EXPERIMENTAI. METHODS 

The experiments were performed in an end- 
loaded single stage piston-cylinder apparatus 
previously described (Cohen et ^//.[8]). High 
pressures were achieved by monitoring the 
unsupported length of the piston and by mak- 
ing this length very small at the highest pres- 
sure. It has been shown by Haygarth and 
Kcnnedy[9J that the crushing strength of 
tungsten carbide piston can be increased by 
reducing the length of unsupported piston. 
The pistons were fitted with a stationary and 
sliding binding rings of Vascomax 300 steel 
with 2 per cent interference in order to control 
the length of unsupported piston. The details 
of this method have been described elsewhere 
[10,11). Pressure vessels, with bushing of 
Carboloy 55A grade (tungsten carbide with 
13 per cent cobalt binder) and pistons of 
Carboloy 883 grade (with 6 per cent binder) 
were used in the present work. 
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Intrinsic germanium of 99 99+ purity was 
used in the present experiments. The one 
atmosphere melting temperature obtained 
from the extrapolation of our melting curve is 
938°C» the value quoted in the literature is 
936°C. 

Conventional furnace assembly 1 12] was 
employed in the present experiments except 
that boron nitride filled the graphite furnace 
instead of talc. Thermocouple and sample 
contamination took place when talc filled the 
graphite furnace, possibly because of decom- 
position of talc into enstatite and water at high 
temperature. The boron nitride parts were 
fired at 480T for 48 hr to free them from 
ammonia and water. 

It is difficult to find a suitable encapsulating 
material for germanium since it alloys readily 
with almost all metais(I3]. The experiments 
employing molybdenum and tantalum 
capsules gave lower melting tempera- 
tures and X'Fay examination of the material 
showed evidence of alloying. Alloying 
waN also observed in niobiuin capsules 
when the experiments extended over long 
period (iiaphile apparently docs not alloy 
with germanium and was used as the encap- 
sulating material in these reported experi- 
ments. Quartz crucibles lined with graphite 
have been used under vacuum for casting rods 
of germanium of high purity [14]. A platinum 
foil 0-004 in. thick followed by a tantalum disc 
(0-01 in.) was placed between the graphite 
capsule and the thermocouple. The platinum 
foil prevented reaction between tantalum and 
graphite. 

'rcmpcralures were measured with Pt- 
Pt,oRh thermocouples in all the experiments. 

( hromel-alumcl thermocouples were tried in 
some experiments, but they did not give re- 
producible results. The melting and freezing at 
diflerent pressure.s was detected by differential 
thermal analysis. The rale of heating and cool- 
ing in the present experiments ranged From 6 
to 8°C/sec. At a given pressure the melting 
and freezing temperatures were taken at least 
four times before datum points were con- 


sidered fixed. Approximately 70 such datum 
points were taken -these deviated only 1 -2®C 
from a smooth curve. 

The assembly was initially compressed to 
the maximum pressure planned for the experi- 
ment. The temperature was then taken to the 
melting temperature. The melting and freezing 
temperatures were taken on decompression 
and compression cycles. The correction for 
friction was applied by assuming the friction 
to be symmetrical and the true pressure was 
obtained by interpolation. The double value 
of friction was roughly 4 kbars at the maxi- 
mum pressure of 65 kbar. The final pressures 
are believed to be accurate to ±0-5 kbar. 

The difference between the sample and the 
thermocouple seal temperature was deter- 
mined in a separate experiment in order to 
apply the correction for the pressure effect on 
the e.m.f. of Pt-PfmRh thermocouples. The 
difference between the sample and thermo- 
couple seal temperatures was found to be a 
function of the sample temperature and was 
independent of pressure. 

RKSM.IS 

The results from the present work along 
with those of Jayaraman et aL{3] and Bundy 
[4] are presented in Fig. I . The corrections for 
effect of pressure on Pt-PtioRh thermocouple 
e.m.f. were taken from the recent results of 
Getting and Kennedy [15] (Table I). These 
experiments up to 30 kbar show a monotonic 
rise in thermocouple e.m.f. correction with 
pressure and temperatures and therefore the 
values of correction at higher pressure were 
obtained by extrapolation. The temperature 
corrections to the Pt-Ptu)Rh thermocouple 
ranged from 4°C at 10 kbar and 900® to I8*8°C 
at 50 kbar and 600°C. These values are 
roughly half of those reported by Hanneman 
and Strong [16, 17] from their experiments in 
‘belt* apparatus and calculations. 

The melting curve from the present study 
shows a curvature towards the pressure axis. 
The initial slope of our corrected melting 
curve is -3*24°C/kbar. Jayaraman et aL[i] 
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Table I. 


Pressure 

(kbar) 

Tfltuncorrected) 

(T) 

Tmtcorrected) 

CC) 

0 

936 

936 

)0 

900 

904 

20 

860 

867 

30 

827 

838 5 

40 

785 

800-5* 

50 

738 

757* 

60 

685 

707* 

6.S 

657 

681* 


* The correction for pressure elTect on Pl-PtioRh 
thermocouple e.m.f taken from extrapolation of the 
expel imcnlal data of Getting and Kennedy 11 5] to 30 
kbar 

and Bundy [4] reported the slope of melting 
line as -‘3*8''C/kbar and -3-3°C/kbar respec- 
tively. The initial slope obtained from the 
Clupeyron equation is -3*4 to -3*5°C/kbar[4]. 
The melting temperatures observed in the 


present work are 6-10"^ lower than Bundy’s 
values, and are 3-4° higher than those of 
Jayaraman et ai at 20-25 kbar. At higher 
pressure as the melting curve becomes con- 
cave towards the pressure axis, melting tem- 
peratures a few degrees lower than those of 
Jayaraman et ai were obtained. 

Bundy’s calibration of belt apparatus In the 
lower pressure range is based on Bi I-IT Ba 
l-II, and Bi III-V, transitions taken as 25,58 
and 88 kbar respectively. The value of the Bi 
I-ll transition pressure measured in a rotating 
piston apparatus is 25-38 kbar (Kennedy and 
La Mori[18]) and 25-499 kbar in a piston- 
cylinder apparatus with a dead weight piston 
gauge (Hydemann[19]). The pressures of the 
Ba I-ll and Bi Ill-V transitions have been 
recently established from detailed studies in 
the piston-cylinder apparatus. Resistance 
observations of the sample embedded in a 
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DETERMINATION OF PORTIONS OF THE BISMUTH 
III-V AND IV-V EQUILIBRIUM BOUNDARIES IN 
SINGLE-STAGE PISTON-CYLINDER APPARATUS* 

J. C. HAYGARTHt, H. D. LUEDMANN4;, I. C. GETTING and G. C. KENNEDY 
Institute of Geophysics and Planetary Physics, University of California, Los Angeles, Calif. 90024, 
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{Received 19 September 1968; //i revised form 16 October 1968) 

Abstract -The Bi III-V and IV-V equilibrium boundaries were studied by monitoring electrical 
resistance changes. Extrapolation of the 111-Y data to 25 °C yields an equilibrium transition pressure 
of 77’5± l-Okbar. The extrapolation also agrees within experimental error with the pressure of 
78'2lcbar determined in a separate experiment at 22‘’C. The use of the transition as a calibration 
point is discussed, and a procedure for estimating the compression-stroke transition pressure from 
the equilibrium transition pressure is proposed. This involves adding 2 kbar to the equilibrium pressure 


at room temperature. 

INTRODUCTION 

Recent work[l] has shown that the pressure 
of the barium l-II transition at room tempera- 
ture is 55 0±0*5kbar, about 4 kbar lower 
than the previously accepted value. This 
suggests that the pressures assigned to other 
calibration points at higher pressures may also 
be in error. In this paper, we describe a 
redetermination of portions of the bismuth 
IIl-V and IV-V equilibrium boundaries, 
with particular emphasis on a more accurate 
estimation of the pressure of the bismuth 
III-V transition at room temperature, and a 
precautionary note on its use as a high pressure 
calibration point. 

EXPERIMENTAL 

End-loaded piston-cylinder apparatus as 
described by Boyd and England [2J was used, 
with modifications to enable it to reach higher 
pressures. The discovery [3] that the crushing- 


* Publication no. 690, Institute of Geophysics and 
Planetary Physics, University of California, Los Angeles, 
Calif. 90024, U.S.A. 
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Station, Wilmington, Del. 19898, U.S.A. 

^Present address: Institut fur Physikalische Chemie 
und Elcktrochcmie Universitat Karlsruhe, 75 Karlsruhe, 
Kaiserstrasse 12, Germany. 


Strength of cemented tungsten carbide pistons 
increases as the unsupported length decreases 
has already been used to achieve pressures 
necessary to observe the barium 1-11 transi- 
tion [1]. A limitation of the apparatus is the 
rather short travel allowed to the piston, as a 
result of the need to keep the unsupported 
length of the piston less than that at which 
breakage occurs [3]. In this study, the piston 
was fitted with a sliding binding ring, shown 
in Fig. 1, positioned so as to split up the 
unsupported length of the piston into two 
unequal segments. This increases the available 
piston travel without increasing the un- 
supported length of the piston. Dividing the 
piston into two shorter exposed segments 
allows it to withstand higher stresses. The 
available travel is not reduced because the 
sliding binding ring allows the piston to move 
through it after it collides with the face of the 
pressure vessel. The exposed length does not 
increase as quickly on decompression as it 
decreased on compression because some per- 
manent compaction of the sample occurs on 
the first compression. In addition, the strength 
of pistons at very small exposed lengths 
appears to be higher than was previously 
realized [3]. The sliding binding ring was of 
the same material as the stationary binding 
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Three experiments were done, as follows. 
The piston was first advanced until all the 
travel was used; no measurements were made 
during this process because of the unknown 
force necessary to move the sliding binding- 
ring. The transition temperature was measured 
at O-Skbar intervals, and 0'4kbar intervals 
in the region of the III-IV-V triple point, 
on decompression to about 45 kbar and on 
recompression to about 70 kbar. It was then 
checked at a few pressures on decompression, 
and on a second recompression, to make sure 
that the measurements were reproducible. 

The transition temperature at a given com- 
pression was found by raising the temperature 
until the transition was partially completed, 
then reducing the temperature until the back 
reaction began to run, A dead span tempera- 
ture interval in which the reaction does not 
run deteclably in either direction with both 
phases present was found. This temperature 
interval was independent of the relative 
amounts of the two phases present. It ranged 
in size from about 4° at the lowest tempera- 
ture to about 0*5° near the triple point for the 
III-V boundary, and was 0*5® for the IV-V 
boundary near the triple point and less at 
higher temperatures. The transition tempera- 
ture was taken as the mid-point of this inter- 
val, This method of locating the boundary 
is referred to later as the isobaric method. 
It is essential, however, that both phases be 
present during location of the transition 
temperature, since continuous healing of pure 
Bi IV or Bi III leads to a small degree of 
super heating of these phases into the stability 
field of Bi V, while continuous cooling of pure 
Bi V yields a marked degree of supercooling 
into the stability field of Bi IV or Bi III. 
Both the extent of superheating and super- 
cooling increase with decreasing temperature 
along the phase boundaries. These findings 
are contrary to the report of Klement ei ai 
[4]. The magnitude of the superheating and 
supercooling varied erratically from one 
temperature cycle to the next, and was little 
affected by changing the heating and cooling 


rate. The rate of the V-III and V-IV reac- 
tions appeared to increase with the degree of 
supercooling at any given pressure. 

The III-IV boundary was detected, and 
found to be associated with large hysteresis, 
confirming the findings of Klement et al.[4l 
The hysteresis was so large that occasionally 
the metastable III-V boundary was observed 
in the neighborhood of the III-IV-V triple 
point. The III-IV reaction was so sluggish 
that no attempt was made to delineate 
accurately the equilibrium boundary. 

The III-V boundary was also studied at a 
number of constant temperatures by cycling 
the pressure. These experiments are referred 
to later as the isothermal experiments. The 
pressure was changed in 0*2 kbar intervals 
every 0-5 min or every 2*5 min, and the 
pressures at which the transition began to 
run on compression and decompression noted. 
The I-II boundary was also studied at room 
temperature in this way, to test the validity 
of the procedure used to calculate the sample 
pressure. 

The Ill-V boundary was also observed at 
room temperature using a set-up similar to 
that described for the barium transition [1]. 
i n this case (he pressure was varied 
continuously at about 0-2 kbar per second. 

In all experiments, the pressure of the oil 
activating the hydraulic ram that drove the 
piston was measured with a Heise Bourdon- 
type gage. Since the gage was new it was 
assumed to be accurate within the limits 
guaranteed by the manufacturer, and was not 
calibrated. At the start of each experiment 
the gage was set to zero when sensing the 
oil-pressure generated by the weight of the 
hydraulic ram piston; this eliminated the need 
to correct for this quantity later. The friction 
resisting motion of the ram when it was 
applying no load to the high-pressure piston 
was unobservable. 

RESULTS AND DISCUSSION 

The data from the isobaric experiments 
were in the form of thermocouple e.m.f.’s 
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and oil-pressure values for measurements 
taken on compression and decompression. 
They were plotted and resulted in two similar 
curves whose separation was the double- 
valued friction. This was made up of the 
friction between the piston and the pressure 
chamber bore, and the hysteresis due to the 
shear strength of the pressure medium. It 
ranged from about l*2kbar at the highest 
temperature to l-6kbar near the triple point 
for the IV-V boundary, and from about 
l*6kbar near the triple point to 3’Okbar at 
the lowest temperature for the III-V boun- 
dary. On the assumption that the friction 
was symmetrical, the mean of compression 
and decompression values was taken at fixed 
values of thermocouple e.m.f. The validity 
of this procedure has been questioned by 
Pistorius et u/.[5] but their results and 
arguments do not appear applicable to this 
study because the pressure found in these 
experiments for the I-Il boundary at room 
temperature by assuming symmetrical friction 
was in good agreement with that reported 
by Heydemann[6] and Kennedy and La 
Mori[14]. 

The corrected oil-pressure values were 
converted to real pressures by multiplying 
by the ratio of the area of the hydraulic 
ram piston to the area of the high-pressure 
piston. The latter was calculated as des- 
cribed earlier[l]. The diameter of the high- 
pressure piston was obtained in the present 
case by adding 0*0068 ±0*0068 cm to the final 
diameter of the upper end of the piston. After 
taking into account the errors introduced in 
reading the oil-pressure and in calculating 
the area of the piston, the uncertainty in 
calculated pressure was estimated to be 
±1*2 per cent. 

Thermocouple e.m.fs were converted to 
temperature by reference to the standard 
tables [7]. A long extrapolation of some 
preliminary data obtained by one of us 
(I.C.G.) on the calibration of chromel-alumel 
thermocouples under pressure suggests that 
temperature corrections of 2-3® downward 


might be expected over the investigated region 
of the III-V boundary. This corresponds to 
a shift of about 0*3 kbar downward in equili- 
brium pressures. However, even the sign of 
the temperature correction is uncertain. 
Excluding consideration of the pressure 
effect, temperatures are believed to be accurate 
to ±2" 

The results of the isothermal experiments, 
including the single experiment at room 
temperature, were treated by taking the mean 
of the oil-pressures at which the transition 
started on compression and decompression, 
and converting to real pressures as above. 

The results are plotted in Fig. 3. Circles 
represent points from the isobaric measure- 
ments, except that points on the metastable 
projection of the IIl-V boundary arc shown 
as squares. Triangles denote points derived 
from the isothermal experiments, and the 
point represented by a diamond is the result 
of the room temperature experiment. 

The data for the isobaric experiments, in 
which the equilibrium transition temperature 
was measured, were fitted to polynomials of 
degree two through ten using a least-squares 
technique with the U.C.L.A. IBM 360 
computor. For both the Ill-V and IV-V 
boundaries the standard deviation was essen- 
tially constant for all polynomials, and the 
coefficients of the terms of degree higher than 
2 vanishingly small. With P in kbar and T in 
°K the second degree equations were 

Fm-v = 96*343- L4431 x 10 '7-2*0774 


P,v-v = 54*192+ 1 0425 x lO'T- 2*3354 

X 10'^7^ 

The standard deviations were 0*08 kbar and 
0*09 kbar respectively. Combination of these 
expressions gives the III-IV-V triple point 
coordinates as 174*6°, 54*3 kbar, which com- 
pares well, especially as to temperature, with 
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the result of Klement ci namely 174°, 
52’6kbar. 

To facilitate extrapolation of the III-V 
boundary to room temperature, it is desirable 
to apply a constraint outside the range of 
measurement. One is supplied by the third 
law of thermodynamics; since at T ~ 
O.A.S’ni.v ^ 0. we have 

.1 = 0 . 

This condition is met when the coefficient of 
the linear term of the polynomial fitting the 
data is equal to zero; it is interesting to note 
that this is very nearly the case for the 
polynomial chosen already to describe the 
III-V data, since 

( ) r . 0 = -4 X 10-' °K kbar- *. 

When the computer program was adjusted to 
set the coefficient of the linear term equal to 
zero automatically, the standard deviations 


were again essentially constant for all the 
polynomials, and the second degree equations 
were 

v = 96 048 - 2 0949 x I0-‘P 
and 

f'lv-v = 79*490- T2628 x lO^'T^. 

The standard deviations were O-OSkbar and 
0*10 kbar respectively. The equation for the 
IV'V boundary is included because it gives 
a more realistic value for the metastable 
IV~V equilibrium pressure at zero °K. 

Both equations for the Ill-V boundary 
yield the same value for the transition pressure 
at 25°, namely 77*5 kbar; the predicted 
absolute zero transition-pressures, 96*343 
and %*048kbar, differ only by 0*3 kbar. The 
extrapolated transition pressure at 22° is 
77'9kbar, in good agreement with the 
measured value of 78*2 kbar. 
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The pressure proposed for the IIl-V 
equilibrium boundary at 25° is 77-5± l Okbar 
allowing for absolute uncertainties in both 
pressure and temperature determinations. 
The standard deviation of the data from the 
expression with which they were extrapolated 
is less than one-tenth of the accuracy esti- 
mation. Previous estimates of the Ill-V 
transition pressure at room temperature have 
ranged from 88-90 kbar by Bridgman [8] 
and Vereshchagin et al.[9] to 73*8±l’3kbar 
by Jeffery et al.[10]. The consensus of recent 
opinion has favored a value near 80 kbar as 
reported by Klement et al.[4]. Stark and 
Jura[ll]» and Giardini and Samara[12]. In 
considering these values it is necessary to 
make a distinction between experiments 
measuring the equilibirum pressure and those 
measuring the pressure at which the transition 
starts on compression, because it is often 
the case that the latter is higher than the 
former. This is discussed at length by 
Bridgman [13], 

Of the four[4, 8, 10, 11] papers in which 
the estimated pressure is assumed to be the 
equilibrium pressure, only two [4, 8] describe 
the use of apparatus appropriate to measuring 
pressure directly. The others[l0, 11] describe 
techniques in which an indirect method of 
calibration was used. The value of 78- 
82 kbar suggested by Klement et al.[4] 
was tentative and based on a long extra- 
polation of sparse data obtained in double- 
stage piston-cylinder apparatus, where 
pressure determinations are less certain than 
with single stage apparatus. Considering this, 
the agreement with the present result is good. 
The fact that Bridgman [8] reports a value 
about 10 kbar above the present value is 
consistent with the finding that Bridgman 
pressures of a number of transitions fre- 
quently used as calibration points[l, 14]. It is 
difficult to discuss the values reported by the 
other workers because of the indirect pressure 
calibration procedures [10- 12] and the fact 
that the equilibrium pressure was not 
determined in all cases [9, 12], 


The transition-pressures determined in 
the isothermal experiments by taking the 
mean of the pressures at which the transition 
ran on compression and decompression agree 
well with the data determined by the isobaric 
method, as shown by Fig. 3. The double- 
valued friction and the mean pressure were 
both independent of the length of time between 
pressure changes, suggesting that the 
relaxation-time for friction and for transient 
pressure-gradients in the pressure-medium 
was short compared to the pause between 
pressure changes. However, at any particular 
temperature the difference between com- 
pression values was larger for the isothermal 
technique than for the isobaric technique. 
The difference increased with decreasing 
temperature. The isobaric curve separations 
is a measure of the friction between the piston 
and the pressure-chamber bore plus the effects 
due to the shear strength of the pressure- 
medium. The isothermal curve separation 
includes these quantities and also any 
hysteresis associated with the transition 
itself. The difference between the isobaric 
and isothermal curve separation is then 
evidently a measure of the hysteresis of the 
transition. The fact that both the isothermal 
and the isobaric methods yielded the same 
transition-pressures, as shown in Fig. 3. 
suggests that the hysteresis is symmetrical, 
that is, that the tendency of III to ‘superpress’ 
into the stability field of V is the same as 
the tendency of V to ‘underpress’ into the 
stability field of 111. The amount of super- 
pressing required to nucleate and grow Bi 
V from Bi 111 at room temperature is esti- 
mated to be 2-2-5 kbar by extrapolating the 
difference between the isothermal and 
isobaric observations. This figure is in good 
agreement with the value of 3-8 kbar for 
superpressing plus underpressing reported 
Jeffery et 

Since the transition starts to run on com- 
pression at a pressure higher than the equili- 
brium pressure, a knowledge of the equilibrium 
pressure alone is insufficient to allow use of 
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the transition as a calibranon P ... .y 
reasonable procedure for using the lU 
transition in calibration work may be lo take 
the pressure at which the transition runs on 
compression as being appro;timately 2 kbar 
above the equilibrium pressure. Thus at 25°C 
the equilibrium value of the transition is 
77’5±Jkbar and in a typical calibration 
experiment, the transition should be observed 
on compression at pressures of circa 79-5 kbar. 
Caution is necessary, however, because of 
the unknown effect of shear on the 
equilibrium ‘pressure' and on the magnitude 
of the hysteresis, and because there is no 
guarantee that the above procedure would 
be valid under all conditions, especially in 
view of the demonstrated existence of large 
pressure gradients in some types of high- 
pressure apparatus! 15]. 
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PHOTOLUMINESCENCE OF TRIGONAL SELENIUM 
SINGLE CRYSTALS 

H. ZETSCHE and R. FISCHER 
Physikalisches Institut der Universitat Frankfurt/M., Germany 

{Received October 1968) 

Abstract- Phutoluminescence of trigonal Se single crystals has been investigated in the temperature 
range from 2“ to 50°K. Between 1*80 and 1-86 eV seven lines are found, most of them with a phonon 
satellite. The associated phonon energy is 28*5 meV. The relative intensities of the lines depend 
strongly and non-monotonically on temperature. An interpretation of the luminescence is attempted, 
using a model with five levels within the band gap. 


INTRODUCTION 

Photoluminescence of trigonal Se single 
crystals near the band gap was investigated 
earlier by Queisser and Stuke[l]. Their 
measurements were restricted to 20°K, where 
they found three lines, each with a phonon 
satellite. We now measured the phololumines- 
cence between 2° and 50®K and found a marked 
temperature dependence. The luminescence 
between 1*80 and l*86eV contains seven lines. 
U is, however, only near 4°K, that they are all 
visible. Most of the lines have a one-phonon 
satellite. A first interpretation of the lumines- 
cence is attempted, using a model with five 
levels within the band gap. 

EXPERIMENTAL ARRANGEMENT 

The trigonal Se single crystals used were 
grown from the vapour phase. They had the 
form of needles or platelets, depending on the 
content of Cl and Tl in the Se raw material 
(*). No dependence of the luminescence on 
these differences in the starting material was 
found. 

The crystals were directly immersed into 
the cooling medium. We used liquid He for 
T ^ 4°K, liquid H 2 for 7 = 20°K, and He gas 
for other temperatures up to 50°K. We meas- 
ured the temperature of the cooling medium 
near the crystals. The temperature of the 

*Most of the crystals were grown by G. Weiser, Phys. 
Inst, der Universitat Marburg, Germany. 


samples itself could be somewhat higher due 
to heating in connection with their excitation. 
This temperature difference, however, was 
estimated to be less than 0*3°K in the case of 
liquid He and Hg. The crystals were excited 
by a He-N e-laser with photon energy of 
l'%eV(t). The irradiated power was about 
1 mW. The polarization of the exciting light 
could be adjusted parallel or perpendicular 
to the c -axis of the crystals. The luminescence 
being emitted from the illuminated face of 
the crystals was analysed with a double grating 
spectrometer and detected with a cooled 
photomultiplier. 

RESULTS 

Typical spectra for each of the temperatures 
2°, 4°, 20° and 50°K are shown in Fig. 1. The 
polarization of the exciting light is £ 1 C 
for the 2°K-spectrum and £ || C for the others. 

At 50°K the structure within the spectrum 
becomes comparable in its order of magnitude 
with the noise level, inhibiting measurements 
at yet higher temperatures. 

At 20°K the luminescence contains four 
lines: (2: 1), 3, 4 and 6, and some structure 
on the lower energy side of line 6. Sometimes 
this structure is resolved into three peaks 
with energy separation equal to that of the 

tAl 20®K the effect of excitation with higher photon 
energy was studied (HBO 200 Hg4amp from Osram with 
a filter absorbing between 1-7 and 2 5 eV). No significant 
change in the luminescence spectrum was found. 
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I iAlmlnc^^;ence spectra at different temperatures. 
Peaks carrying the same index are atinhuled to the same 
recombination process 


lines (2: 1), 4 and 6. There is no dependence 
of the luminescence on the polarization of the 
exciting light at this temperature. Our 
results are thus in full agreement with those 
of Queisser and Stuke concerning crystals 
grown from the vapour phasefl]. In addition 
we resolve their peak B into two lines 3 and 4. 

At 4°K we find seven lines, 0-6, and a 
structure on the low energy side of line 6. 
The energies of all peaks, as taken from a 
selected spectrum with especially good line 
resolution, are given in Table 1. The symbols 
2'-'6' in the table refer to the maxima within 
the structure below peak 6. In addition there 
sometimes appears a broad background band 
at 4”K with maximum at the energy of peak 6 
and a halfwidth of about 50meV. This back- 
ground causes a marked reduction in line 
resolution. 

At 4°K the luminescence depends on the 
polarization of the exciting light. If this 
polarization is changed from £|| C to £ i C, 
the intensities of the lines 1> 3 and 5, norma- 
lized respectively to those of the lines 2, 4 
and 6 decrease. The intensity of the back- 


Tahle 1 . Energies and wave-lengths of the 
luminescence peaks at 4°/^ 


Peak 

Nr. 

Wave-length 

(A) 

Energy 

(eV) 

0 

6704 

1-849 

1 

6718 

1-846 

2 

6734 

I -84 1 

3 

675.^ 

1-835 

4 

6772 

1-831 

5 

6798 

1-824 

6 

6811 

1-820 

2' 

6842 

1-812 

y 

6862 

1-807 

y 

6906 

1-795 

6' 

6919 

1-792 


Error. - ± 2 5 A for lines 0-6; AA = ± 4 A for 
lines 2'-6'. 


ground band relative to that of the lines 
increases by a factor between ‘2 and 1 0. 

At 2°K we have experimental data only 
for E 1 C. The spectra at this temperature 
are similar to those at 20“K (Fig. I). The 
only difference consists in the appearance of 
a peak 5 at 2°K and in the fact, that the 2°K- 
spectrum seems to be superposed upon a 
background band as reported for 4''K. Neither 
peak 5 nor a background band is ever found 
inaZff'K-spectrum. 

A striking feature of our results is a great 
variation in the data obtained for the same 
sample, at fixed temperature, and with fixed 
polarization of the exciting light. We believe 
that this variation is due to a strong dependence 
of the luminescence on the location of the 
illumination spot on the crystal. In particular 
the intensities of the peaks 1 , 3 and 5, normal- 
ized respectively to those of the peaks 2, 4 
and 6 depend strongly on the illumination 
spot, being in some cases much smaller than 
shown in Fig. 1. Such a reduction of the lines 
1, 3 and 5 hardly affects the shape of the 
spectra at 2° and 20°K, but completely alters 
that of the 4‘^lC-spectrum. Thus, at 4°K there 
sometimes appear spectra quite similar to 
those at 2°K. The absolute energies of the 
lines also show a variation with illumination 
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spot up to 4meV; the energy distances be- 
tween the lines, however, remain fixed. 
Finally we find a variation of the intensity 
of the background band seen at 4° and 2°K. 

The temperature dependence of the lumi- 
nescence may be seen from Fig. 1, The lines 
carrying the same index are assumed to be 
identical in the sense, that they stem from the 
same process. This assumption is supported 
by measurements at intermediate tempera- 
tures. 

We find: (1) As far as the lines remain 
visible, their relative spacings do not change 
with temperature. (2) The absolute energies of 
the lines shift to higher values with increasing 
temperature (see e.g. peak 6 in Fig. 1). 
Between 4° and 50°K the increase in energy is 
15±4meV. The temperature coefficient at 
50°K is d£/d7= (2-5± 1) X 10-^eV/°K. The 
relatively large error is caused by the variation 
with illumination spot described above. (3) 
The intensities of peaks 1 , 3 and 5, normalized 
respectively to those of the peaks 2, 4 and 6 
depend non-monotonically on temperature: 
At 4°K these intensities occasionally are 
larger than unity, whereas at T and they 
always are smaller than unity (Fig. 1 ). 

INTERPRETATION 

From Table 1 one sees, that the lines 6 and 
6', 5 and 5' etc. are all equally spaced. The 
difference in energy is 28-5 ± 1 meV. Accord- 
ing to Lucovsky ef al,[2] three of the optical 
phonons in Se each have an energy between 
28 and 29-4 meV at = 0. We therefore inter- 
pret the lines 2'-6' seen at 4°K as one-phonon 
satellites of the lines 2-‘6. At 20° and 2°K only 
the satellites of the strong lines 4 and 6 are 
clearly seen. 

No definite interpretation of the lines 1-6 
can as yet be given. We suggest a term scheme 
as shown in Fig. 2. The transitions from the 
upper level group to the lower one produce the 
lines 1-6 as indicated. Line 0 probably has a 
different origin. The energy distances between 
the levels « to € are completely determined by 
the energies of the luminescence lines. The 
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Fig. 2 Model lo explain the luminescence m trigonal Se 
a to e denote 5 energy levels within the band gap. The 
arrows indicate the recombination process leading to the 
different luminescence lines. 


distances within the two level groups are 
independent of the temperature and the crystal 
point considered, whereas the separation of 
the two groups increases with increasing 
temperature and changes from point lo point 
in the crystal. The latter may be due lo local 
strains or potential fluctuations within the 
crystal. 

The intensities of the lines 2, 4 and 6 are of 
(he same order of magnitude even at 2°K 
(Fig. 1 ). This implies, that electrons excited to 
the levels y, 6, and ^ do not thermalize. If they 
did, the Boltzmann factor (- f between 
level y and 6 at 2°K) would completely 
suppress the energetically higher lines 2 and 4 
(Fig. 2). Thus transitions between the levels 
y, 6, and e must be forbidden. 

The relative intensities of the lines 1, 3 and 
5 depend non-monotonically on temperature. 
This could be explained within our model by 
the following mechanism: If we take the level 
a to lie about 10 meV above the valence band, 
the concentrations of the impurities or lattice 
defects producing the states a and jS can be 
adjusted in such a way, that the calculated 
Fermi energy Ey varies non-monotonically 
with temperature: Ey lies below the level a at 
4°K but above this level at 2° and 20°K. Thus 
the concentration of holes in the level a 
normalized lo that in the level ^ has its maxi- 
mum value at 4°K decreasing to higher and 




lower temperatures. The temperature depen- 
dence of the relative line intensities thereby is 
expiaiiied at /east quaiitative/y. 

The dependence of the re/ative line inten- 
sities on the location of the illumination spot 
on the crystal may be caused by a spatial 
variation in the concentrations of the lattice 
defects or impurities producing the levels a 
and /3. 

An explanation of the background band has 
to start from the experimental result, that its 
intensity increases, if the polarization of the 
exciting light is changed from £|(C to ElC. 
Thus, the states which participate in the re- 
combination process producing the band must 
be excited mainly with ElC. In order to find 
such states we have to investigate the mecha- 
nism by which our exciting light (fiu)= 1-96 
eV) is absorbed for £||C and ElC respec- 
tively: 

(1) The absorption coefficient of trigonal Se 
at 1-96 eV is larger for ElC than for E||C*. 
Thus more photons are absorbed near the 
surface of the crystal for ElC than forE||C. 
Nevertheless we do not believe the band to be 
due to surface recombination, since even for 
ElC only 0-5 per cent of the irradiated power 
is absorbed within the first 100 A from the 
surface, whereas for this polarization direction 
the intensity of the band is equal to that of the 
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•a depen- t.ons is located at the symmetry point ff in the 
hereby is Brillouin zone and has an exciton associated 
with The energies giyen in the 

le in ten- literature are not unique (compare e,g. [3] and 
ion spot [6]). Therefore we do not know, whether 
spatial photons with an energy of l-96eV excite 
‘ lattice electrons into the direct conduction band 

evels a minimum, or, instead of this, create the 

excitons associated with this minimum. It is 
ind has well established, however, that both excita- 
that its tions are allowed only for ElC. Thus either 
of the of these states may be in some way connected 
ElC. with our background band, 
the re- (3) Recent absorption measurements on 
d must trigonal Se [6] show absorption edges at 1-857, 
to find 1 -870 and I -880 eV for both polarization direc- 
necha- tions. They may be interpreted as caused by 
= 1*96 direct excitation of electrons from the valence 
espec- band into the levels y, 5, and € of our model. 

Thus the line-luminescence probably is 
nal Se excited by this mechanism. 
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MAGNETIC AND ELECTRICAL PROPERTIES OF 

Coi_jCujRh2S4 

F. K. LOTGERING 

Philips Research Laboratories, N. V. Philips’ Gloeilampenfabrieken, Eindhoven, Netherlands 
{Received 2 October 1968) 

Abstract- Samples of Co,^j.Cuj.Rh 2 S 4 with 0-1 ^ ^ I show a practically temperature-independent 

resistivity of I0"®-I0"HI cm and a positive Scebeck coefficient decreasing from I25#iV/dcg for 
= 01 to =25 /iV/deg for 0-5 g jc £ I. The material is antifcrromagnetic for 0 g jr < 0-4, shows 
spontaneous magnetization for =0-4 ^ jr S =07 and is paramagnetic for =0 7 § Jt ^ I. The strongest 
spontaneous magnetization occurs at = 0-5 and a moment of =0-8 ^fl/molecule is found, 

The conduction is attributed to holes in the valence band. The occurrence of a small saturation 
moment in the composition range 0-4 ^ x ^ 07 is explained tentatively and attributed to double 
exchange between Co^^ and Co^ on tetrahedral sites. 


1. INTRODUCTION 

The compounds CoRh2S4 and CuRh2S4, 
which crystallize in the normal [1,2] spinel 
structure, exhibit a completely different 
electrical and magnetic behaviour. CoRh;,S4 
is an antiferromagnetic semiconductor[l], 
while CuRh^S^ shows metallic conduction [3] 
and a small, nearly temperature-independent 
susceptibility [2, 3], 

According to Blasse[l], the antiferromag- 
netism of CoRh2S4 arises from ordering of the 
Co-^ spins at tetrahedral sites (A sites), the 
Rh^^ ions at octahedral sites (B sites) being in 
the non-magnetic, low-spin 1%^ state. From the 
high Neel temperature Ty - 400°K it is seen 
that the exchange interaction between the 
Co^^ spins is anomalously strong for AA 
interaction in a spinel. Blasse’s interpretation 
has been confirmed by the magnetic proper- 
ties of CoRH2-j>Crj.S4[4]. For example, the 
magnetic behaviour of Co|Rhi 5^0.5184 
points to a triangular ferrimagnetic spin 
configuration with canted Co^^ spins for 
T<Tr = 60“K and an antiferromagnetic 
ordering of Co^^ spins for Tf < T < Ty = 
360°K. This has recently been confirmed 
by neutron-diffraction work on this substance 
by Plumier[5], who observed a Yafet and 
Kiltel type of ordering at 4-2'^K and an 
antiferromagnetic ordering of the Co:,04 


type [6] at 80° and 290°K. It seems therefore 
quite certain that the ordering in CoRh2S4 
is also of the same type, i.e. a simple anti- 
ferromagnetic ordering in two A sublattices 
with an antiparallel alignment of nearest 
neighbours. 

The electrical and magnetic properties of 
CuRh2S4 have been discussed by Lotgering 
and Van Stapelef3] (see also Section 4 of 
this paper). 

The present paper gives experimental work 
on the series of mixed crystals between 
CoRh2S4 and CuRh2S4. The interesting point 
is that the 1:1 mixed crystal between an 
antiferromagnetic compound and a substance 
containing no magnetic ions is found to be 
spontaneously magnetized. 

2. PREPARATION 

Samples of COj j-Cu^Rh^Si with jc = 0 0L 
0*10, 0-25, 0*35, 0-40, 0-45! 0-50, 0*55, 0*60, 
0*65 and 0*75, and a sample of CoosCuoy 
Rh,5Tio5S4 were prepared by firing intimate 
mixtures of CoRh2S4, CuRh2S4 and CuTi2S4 
for 24— -110 hr at 800°C in evacuated silica 
ampoules, and then quenching them. All 
samples were ground and fired for a second 
time and, in some cases, for a third time in 
the same way. Resistivities and Seebeck co- 
efficients were measured on sintered pellets 
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prepared from powders pressed hydrostatic- 
ally under a pressure of 1 3 kbar/cml 

The X-ray diagrams of most preparations 
showed a pure spinel phase and very weak 
extra reflections were observed in some cases. 
The X-ray diagram of a starling mixture of 
( oRhjS 4 and CuRhsS^ obtained using a low 
roiation speed of the spectrometer showed 
only one spinel phase with a cell edge of 
9'776 A. The formation of mixed crystals can- 
not therefore be detected using the X-ray 
diagrams, but appears from the physical 
properties. 

3. EXPERIMENTAL RESULTS 

A practically temperature-independent 
resistivity was measured on the samples 
Cu,_j.QvRh.jS 4 with 01 S jr S I at tempera- 
tures between 80°K and room temperature. 
Figure I gives the resistivity p and the 
See beck coefficienl as a function of composi- 
tion. The resistivity of Co„:,CU(K-iKh, 5 Ti„:,S ,4 
was found to change gradually from log p = 
— 0*5 at K0°K U) log p^~\ \ at room tem- 
perature and the Scebeck coefficienl was 
4-240 /iV/deg. 

Thu value f) lO'Uem at H0“K given in Fig. 1 has 
been rcpuited by Rlassell). We prepaied LoKh.S, 
scveial times, hut all these samples wcie far fiom pure 
and showed much lower resistivities. We succeeded, 
however, tn preparing |4| a pure sample of foRh, -.Si 
on which we measured log p ^ 2- 1 and I t at 80"" and 
27^"'K, respectively, and a Scebeck coefficient of +260 
/iv/deg at room lemperatiiic Since a replacement of a 
pari iif the tri valent rhodium m C'oRhjS, by trivalcnt 
ehroniium will have no signilicani influence on the 
conduction, the value repoited by Blasse seems to be 
reliable for pure C'oRh^S,. 

The magnetic behaviour changes with the 
Cu content in such a way that three composi- 
tion ranges may be distinguished, (a) Anti- 
ferromagnetic range for 0 ^ 0*4. 

Figure 2 gives the reciprocal susceptibility 
as a function of temperature for ;t = 0, 
0*10, 0-25 and 0-35. The susceptibility 
measured at 4‘5°K on the samples with 
X -- 0*25 and 0*35 was found to be field- 
independent. At high temperatures a Curie- 



tig 1 Co,_/'ii ,Rh.S,. Seebeck coefficient at room tem- 
peiaturc and logarithm of the resistivity at StfK as a func- 
tion of composition Resistivity for jc=^0 after Blasse f 1 1. 



Fig. 2. Co, pCUj-Rh.S, with 0 < x 0-35. Reciprocal 
molar susceptibility as a function of lemperatiire, C urve 
for jr--0 after measurements by Blasse (Private communi- 
cation). 

Weiss law holds. For jr = 0 and jc = 0* 10 the 
temperature at which the curve has 

a minimum is interpreted as the Nee! tem- 
perature. For .r = 0'25 the Xfu~^-^T curve 
shows a kink at 295°K and we found that 
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curves measured at lower tempera- 
tures are poorly reproducible. Certain anti- 
ferromagnetics like CaMnO.T and LaCrO^ 
have been observed to show similar behaviour 
[7], We therefore think that Co„. 73 CUu.^r,Rh 2 S 4 
is predominantly antiferromagnetic with 
7v = 295°K. (b) Ferromagnetic range for 
^ 0-4 < X < ~0 7. The samples with 
0*40 ^ X ^ 0*65 show spontaneous magne- 
tization and the maximum moment occurs 
for jc = 0-5 (Figs. 3 and 6). One sample with 
X = 0-5 was saturated at 4-5°K in a field of 
20kOe, whereas other samples with jc-0-5 
and all samples of other composition were 
found to be not completely saturated at 
20 kOe. (For x = 0*4 the magnetization even 
increases strongly with H). Specimens with 
X = 0-50 and O bO were quenched from 800°C 
or slowly cooled with annealing treatments 
of 50 hr at 700°, 600° and 500°C. The mag- 
netization measured on these samples can 
be seen in Fig. 6. The curves for 

jc = 0*4, 0*5 and 0-6 obey a Curie-Weiss law 
at temperatures above ~ 500°K and show 



Fig. 3, Tot- .rOuj-Rh^Si with 0-40 x ^ 0-65, Magnet- 
i7.alion at W = 9 kOe as a function of lemperdlure. 



Fig 4. CO| ^Cu^Rh^S* with j: = 0‘4, 0-.% 0*75 and 
Cuu^Rh, s TiyaSi Reciprocal molar susceptibility as a 
function of temperature. 



Fig. 5 COtt^C'u^bRhaS^. Xm ‘“T curves measured for 
increasing T (starling from A) on two quenched samples 
that were prepared separately. After the measurement at 
=*= 900“K, the sample was measured again at 510“K and 
Xm was found to be unchanged. Then the sample w-as 
cooled and the Xm ‘ “ T curve starting from B was 
measured for increasing f, 

complicated shapes at lower temperatures 
(Figs. 4 and 5). We observed that the ^ T 
curves measured on two samples I and II 
with = 0*6, which were both quenched from 
800°C, show temperature hysteresis at 
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Fig, 6. Co, ^CUjRh, 2 S 4 N6el temperature 7'^, Curie 
temperature T( and magnetization measured on quenched 
and annealed samples at 4'5'’K for //- 20kOe as a 
function of composition. 

T < ^ 500°K whereas the Curie^Weiss 
part of the curve at T > 500°K is well re- 
producible (Fig. 5). A quenched sample with 
jc = 0-5 showed hysteresis of the type of 
sample II given in Fig. 5. (c) Paramagnetic 
range for - 0-7 < x 1. The T curve 
measured on the sample with x = 0*75 
(Fig. 4) does not show any indication of 
magnetic ordering at temperatures down to 
4'5"K. 

4. DISCUSSION 

rhe conducting properties of COj_j,CUj. 
Rh^S 4 can easily he explained using a model 
for the electronic structure of sulphospinels 
given by Lotgering and Van Stapele[3], A 
detailed interpretation of the magnetic pro- 
perties is much more difficult, however, and 
we will only discuss the origin of the spon- 
taneous magnetization observed. 

In reference [3] the properties of CuRh 2 S 4 
are explained with the aid of an energy level 
scheme (Fig. 7(a)) which consists of a broad 
valence band containing I hole/molecule 
and narrow bands far below the top of the 
valence band for the d electrons of Rh^^ and 
Cu^. The p-type metallic conduction is 
attributed to hole conduction in the valence 



Fig. 7. Energy level schemes for (a) CuRh^S^ and (b) 
or (c) for CoRh^S^. The energy E is plotted schemati- 
cally versus the density of states g, and / gd£ gives the 
number of states per molecule. 

band and the observation of a small and tem- 
perature-independent susceptibility is ex- 
plained by the absence of magnetic ions. The 
valencies can be represented by the formula 
Cu‘‘|Rh2^'^|53‘‘^“Sr where S" denotes a hole 
in the valence band. 

The properties of CoRh 2 S 4 (see intro- 
duction) point to valencies represented by 
Co^'^lRho'^^IS^^^'. This corresponds to an 
energy-level scheme with a filled valence 
band and a filled band, which may lie 
above or below the top of the valence band. 
A model with a d band above the top of the 
valence band can be excluded because this 
would lead to an electrical behaviour as dis- 
cussed in [8] and observed on Fe, jCUj.Cr 2 S 4 
[8, 9], which is completely different from that 
of Co,_^Cu^Rh 2 S 4 . For example, Fe„jCuo 5 - 
Rh 2 S 4 is a semiconductor, in contrast with 
Coo..r,Cu„r>Cr 2 S 4 , which shows p-type metallic 
conduction (Fig. 1). 

We assume therefore that the Co^^ band is 
situated below the top of the valence band. 
There are two possibilities > 1 or < I 
(Figs. 7(b) and (c)), where 8o is the number of 
valence-band states per molecule with 
energies above the top of the band. From 

the schemes for CuRh 2 S 4 and CoRh 2 S 4 given 
in Fig. 7, the schemes for the mixed crystals 
Co,...jCUj.Rh 2 S 4 can be drawn. One finds two 
cases represented by the formulae 
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Co?+ Cuj.+ 1 1 for 0 g X S 1 

( 1 ) 

ifS,, > l.and 


for 0 § X S 8o 

Cor+^-2.Co»/.^Cu/ 1 Rh/^ 1 Sr.fcS^- 

1 +So 


for 6o = X ^ 

Co?lXu/|Rh,»lS|:iA.-. 


2 


for 


(21 


if 8o I and the width of the band is 
neglected. 

For 6o < 1 as well as for Sq > 1 the number 
of holes S~ in the valence band increases with 
X. Both models thus explain the decrease of 
p from lO^flcm for x = 0 to 10'^ ft cm 
for x = 0'0I or 0 05 and the low resistivity 
(p = ]0“2“ 10“'^ft cm) as well as the occur- 
rence of p-type conduction observed for 
0 1 ^ X ^ I (Fig. I). 

We will now discuss the magnetic pro- 
perties. According to our model, the magnetic 
ions are exclusively and Co^^ occupying 
A sites. There are two complications: (i) 
the presence of Cu^ on A sites will cause 
fluctuations of the mutual surroundings of 
the magnetic ions, and (ii) the observed 
saturation moment of l-6p.jCo at x = 0*5 
is much smaller than the moment expected 
for a parallel alignment of the spins of Co^^ 
or Co^^ ions (- 3 to 4 /xy^/Co) and points 
therefore to a complicated spin ordering. 
It will be difficult to give a detailed interpreta- 
tion of the magnetic behaviour of such a com- 
plicated system and our discussion will be 
restricted to the origin of the spontaneous 
magnetization. 

According to our model with 
cobalt is present as a mixture of Co^^ and 
Co’*^ for a composition range 8,, ^ .v ^ 
(l+8n)/2 (Formula (2)) that is determined 
by only one parameter 8o. It is remarkable 


that, putting 8o = 0*4, this condition yields the 
range 0*4 ^ x ^ 0*7, in which the materials 
show spontaneous magnetization (Fig. 6). For 
S<) = 0*4 our model gives therefore a natural 
explanation of the composition range in which 
spontaneous magnetization occurs if wc 
assume that the spontaneous magnetization is 
caused by the presence of cobalt in two 
valency states. This suggests a ferromagnetic 
coupling of Co spins by double exchange 
between and occupying equivalent 
A sites. Further, a combination of antiferro- 
magnetic superexchange (as observed in 
CoRhjSJ and ferromagnetic double exchange 
interactions between the Co ions may result 
in a spin-canted ground state as pointed out by 
de Gennes[10]for La,-yMe„Mn 03 (Me = Ca, 
Sr, Ba) with small values of y. In this way our 
model can also explain the observation of 
saturation moments much smaller than 
expected for a parallel alignment of the cobalt 
spins. 

The relatively small difference between the 
magnetization measured on quenched and 
annealed samples (Section 3, Fig. 6) may be 
caused by differences in the mutual surround- 
ings of copper and cobalt ions at A sites. 

The sample of Coo. 5 Cu<, 5 Rh,..^Tirt. 5 S 4 was 
prepared with the purpose of filling the 
valence band and the Co’^ band so that cobalt 
occurs in the one valence state according to 
Co?,:^^Cu,|,^Rh?^,TiJ:tS2-. it is then expected 
that the material will no longer be ferro- 
magnetic and metallic. This is indeed found 
experimentally (Section 3 and Fig. 4). 

We will now comment briefly on the para- 
magnetic properties, which are difficult to 
understand. 

From the straight part of the 
curves given in Figs. 2 and 4 we find Curie 
constants of 2*4-2*7 per gram atom Co. This 
corresponds to g factors of 2‘3~2*4 in agree- 
ment with valuesfll, 12] reported for Co^' 
at tetrahedral sites. If, however, the observed 
susceptibilities (Figs, 2 and 4) are corrected 
for diamagnetism (^20x10'^^ per mole) 
and the Van Vleck susceptibilities] 13, 3] of 
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Co"'" and Rh-'^U4'0X W'^ and /'6XiO-‘* 
per gram atom, respecfiVe/y), we find stra/ght 
7' curves corresponding to Curie 
constants much lower than expected for 
Co^^ at /4 sites (e.g. = 15 for CoRhi;S 4 ). 

Such a disagreement, which may be connected 
with the strong exchange interactions, has 
also been found for CoRh:i-Xr^S4f4]. In 
these cases it is clear that no reliable informa- 
tion about the ionic valencies or the strength 
of the interactions can be obtained from the 
paramagnetic data. 

From Fig. 6 it is seen that 7v ^tnd T( 
plotted vs. jc lie on a smooth curve. This 
suggests the existence of a close relation 
between the antiferromagnetic ordering for 
X < 0-4 and the ferromagnetic ordering for 
X > 0-4, and may be seen as a support of our 
model, which attributes the spontaneous 
magnetization for x > 0*4 to decompensation 
of the anliferromagnetic ordering at x < 0-4. 
On the other hand, the observed magnetic 
behaviour does not agree* with de Gennes’ 
theory [10]. For example, this theory predicts 
a transition from the canted spin configuration 
to the paramagnetic state via an antiferro- 
magnetic state, and this is not observed for 
X = 0'4, 0*5 and 0'6. The shape of the ^ 

curves measured are complicated and show 
temperature hysteresis (Figs. 2 and 4). It 
will be interesting to investigate whether spin 
ordering occurs in the region between 'G and 
the temperatures ('■'500''K) at which aCurie^ 
Weiss law starts to hold. 

The author wishes to stress that the inter- 
pretation given is meant to be tentative and 
is far from settled. Several other models that 
were envisaged failed to give an unforced 
explanation of the low saturation moment 
of CO|, 5 Cuo.sRhjS 4 . For example, we could 
not think of any simple ordering of the copper 
and cobalt ions on the A sites capable of ex- 
plaining the observed spontaneous magnetiza- 
tion as arising from ferrimagnetism. In the 

' rhe author found recently that the magnciic behaviour 
of Lai-yBa«MnO;, with 0 g v < 01 is neither in agree- 
ment with De Gennes’llO] predictions (to be published). 


case of a partial ionic ordering, the author 
would expect the heat treatment to have a 
larger influence on the magnetization and the 
Curie temperature than observed for x = 0-5 
and 0*6. 

The behaviour of Co, , CUj.Rh 2 S 4 has 
much resemblance with that of Mn,„j.Lij,Se 
(J4]. In both cases the material is antiferro- 
magnetic for X = 0 and becomes, with in- 
creasing X, spontaneously magnetized with 
small saturation moments. Although a 
detailed interpretation [14] of the properties 
of Mn, j.Lij.Se is difficult, it is clear that the 
replacement of Mn^* by Mn^'^ + Li'*’ for in- 
creasing X plays an essential part. The analogy 
of both systems can therefore be seen as an 
indication of a replacement of in CoRhaS t 

by +Cu^ in the case of Co, ^Cu.;.Rh 2 S 4 . 
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LONG WAVELENGTH OPTICAL ABSORPTION OF 
BROMINATED SILVER BROMIDE* 
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Abstract -This paper describes an attempt to measure the acceptor ioni/ation energy, E„, of neutral 
silver vacancies in silver bromide through optical absorption. The optical absorption spectrum of 
silver bromide was investigated from the band edge to< 0'08eV while the crystal was at temperatures 
up to 400T in equilibrium with bromine at pressures up to one atmosphere. Trapped hole absorption 
was not observed. A weak absorption that was observed can be interpreted as a free hole transition 
from the top of the valence band to originated from spin orbit splitting. Combination of 
absorption and conductivity data leads to a temperature dependence of the hole mobility = 8 X KL / 

T"2 cm^L 'sec '. The absence of a noticeable absorption due to neutral silver vacancies suggests 
that these centers are shallow acceptors with E„ ^ 01 eV. Values of the forbidden gap calculated 
from conductivity data are close to the optical values, but show a somewhat larger temperature 
dependence 


INTRODUCTION 

Silver bromide is a material in which both 
ionic and electronic conductivity have been 
observed. Studies relating to the ionic conduc- 
tion are by now almost classic [1, 2]. Studies 
of the conduction of pure and doped crystals 
with appropriate blocking electrodes have 
yielded values for the electronic conductivity 
[3,4]. These data together with the results of 
other investigations make it possible to deter- 
mine the thermodynamic parameters regulat- 
ing the formation of the charged defects 
Here and throughout the 
paper, the defect notation of Kroger and Vink 
[6] is used. Neutral species such as 
(*^ak) 2 » which dominate the imperfection 
chemistry of non-stoichiometric alkali halides, 
cannot be detected by conductivity measure- 
ments. Information concerning these species 
should be obtained from other experiments. 
So far such information is scarce. Spin 
resonance attributed to was shown to be 


^ I his work was suppoited by the Directorate of C'hemi- 
cal Sciences, Air Force Ofl'ice of Scienlilic Research, 
under gran! AF-AFOSR'986-66 

+Now at IBM Research Laboratory. Monterey and 
( otile Roads, San Jose. Calif. 95 114, U.S.A. 


due to iron [7]; an optical absorption observed 
with chlorinated silver chloride [8], tentatively 
assigned to was shown to correspond 

to a positive species, probably free holes [9]. 
The only information concerning Kak available 
at present was deduced from the drift mobility 
of holes in brominated AgBr at T > 200'’C. If 
the drift mobility is supposed to be limited by 
trapping of holes at analysis leads to a 
value of the ionization energy of Kjg of E„- 
0*l2eV[IO], somewhat below a previously 
estimated value of 0’2eV[5, 11]. The present 
paper describes an attempt to detect the 
presence of and determine its properties 
through measurement of the optical absorp- 
tion corresponding to electronic (hole) 
transitions between the valence band and the 
acceptor level. If it is assumed that the 
Smakula equation holds in this case, previous 
estimates of the concentration of the neutral 
silver vacancies allow us to estimate the 
intensity of the expected optical absorption. 
The Smakula equation relates the extinction 
coefficient k to the concentration of absorbing 
centers, N: 


N = ^ 


8*2x l(V« 


M (iv 


jh 


k{E\i\E. (!) 
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Here M is the number of molecules AgBr per 
cm^: 2-07 x 1(F; rio is the refractive index, 
2*2; / is the oscillator strength of the absorp- 
tion, ^ 1: £ is the photon energy in eV, and 
N is the concentration of centers expressed 
as a mole fraction. The absorption coefficient 
k is defined by /o being the 

intensity of the incident beam corrected for 
reflection, / is the intensity of the transmitted 
beam, and d is the thickness of the crystal. 
Instead of k we shall use a, the absorption 
coefficient defined by 

a log,<, ///ocm"^ = A72-303. 

From [5], N = [K] = 159/7^;^ exp(-l-05 + E„/ 
kT). Taking Pb,, = 0-25 atm., T = 315T and 
E,-0 I2eV leads to /a d£ ^ ()*8eV cm '. 
Dexter[ 1 2] has criticized the use of the classi- 
cal expression for the ratio of the effective 
electric field to that in free space on which the 
Smakula formula is based, and advocates the 
use of the free space field for calculating the 
strength ofabsorption in crystals. This modifies 
the Smakula equation to 

0‘9X f 

N = ^^^\k{E)dE ila) 

and leads to a reduction of the estimated 
absorption strength by a factor 5-2 to / a d£ 
0*15eVcm~\ In any case the absorption 
should be observable for a crystal thickness 
of ==> 1 cm. Its peak may be expected anywhere 
from 15 to l‘5m;x, i.e. at photon energies 
between 008 and 0*8 eV. 

In addition, free hole absorption as ob- 
served with AgC118, 9] must be expected. As 
we shall see, our investigation showed the 
latter, but absorption due to was not 
observed. The implication is that either f< 1 
or that this center is present in concentrations 
smaller than expected. 

MATERIALS 

Preliminary measurements were made on a 
crystal of silver bromide kindly donated by 


Dr. F. Moser of the Eastman Kodak Com^ 
pany. Crystals were also prepared by the 
following procedure[13]. Silver nitrate and 
ammonium bromide (analytical reagents) were 
rccrystallized and then made into M/50 solu- 
tion at 60°C. Aluminium and iron were 
suspected as probable impurities because 
their hydrous oxides might not be removed 
from solution by filtering. An attempt was 
made to coprecipitate these ions from each 
solution by the following procedure. The hot 
solutions of ammonium bromide and silver 
nitrate were adjusted to a pH » 2 with nitric 
acid in order to dissolve the oxides. Then the 
pH was adjusted to 6 with ammonium 
hydroxide, and enough of each solution was 
added to the other to form an appreciable 
precipitate. This was discarded and then 
the pH was readjusted to --2 and the main 
precipitation effected in the ammonium bro- 
mide. The filtrate was washed with water, 
then alcohol, and dried at 1 10°C in the dark. 
The powder was melted in a quartz crucible 
in 0‘2 atm. of bromine and 0-8 atm. of nitrogen, 
and the crystal pulled at 0*3cms/hr. No part 
of the apparatus in contact with the bromine 
gas was made of metal. Crystals doped with 
cadmium were grown from a melt to which 
cadmium metal was added. The cadmium 
reacted rapidly with the bromine and dis- 
solved in the melt forming a clear solution. 
The concentration of cadmium in the crystal 
was calculated using the known distribution 
coefficienlf 14]. Spectrographic analysis 
showed concentrations given in Table I. The 
crystals were cut with a razor blade, etched 
thoroughly in concentrated HCl, ground flat 


Table 1 . Spectrographic analysis 
(mol.fr. X 10**) 


Element 

Cd 

Mg+Ca 

Fe 

A1 

Undoped 

<30 

7 

8 

<5 

Cd Doped 

.MO 

6 

21 

<5 


using carborundum, and polished using filter 
paper wet with diethylamine. They did not 
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darken rapidly in room light but were stored 
in the dark. 

APPARATUS 

The rapid response to bromine [8] and the 
quickness of precipitation processes in silver 
bromide precluded the use of quenched 
samples. The apparatus shown in Fig. 1 was 
designed to allow the spectrum to be observed 
from ~ 0*4 to 1 6 /jt while a 1 cm thick crystal 
was at temperatures up to 420°C in bromine 


pressures up to one atmosphere with rigorous 
exclusion of oxygen. A single crystal of NaCI, 
which does not show absorption in this 
spectral region, was used as a blank. The 
difference in reflectivity between AgBr and 
NaCI was calculated from the refractive index 
at the wavelength of the sodium D line. 

The light sources used were a constant- 
power ‘globar’ and a tungsten lamp with a 
sodium chloride window. A single beam Leiss 
double monochromator with sodium chloride 



Fig. 1. The infrared absorption cell used for temperatures up to 40()T and controlled 
bromine pressures up to one atmosphere. 
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prisms was used in combination with a high 
sensitivity Reeder thermocouple and Brower 
synchronous detector. An image of the light 
source was formed at unit magnification on the 
crystal with a Perkin Elmer spherical mirror. 
For measurements at photon energies 
\’6q\/ > hv > \ 2cV radiation of shorter 
wavelengths was cut off by interposing a 
filter consisting of cast and quenched selenium. 
For measurements at wavelengths less than 
one micron, the incident light was passed 
through a second monochromator with a 
broader band pass than the prism instrument 
which was detecting the transmitted light. Both 
measures were taken to avoid photochemical 
changes caused by short-wave radiation 
which were slow to reverse. 

EXPERIMENTAL PROCEDURE AND RESULTS 

In a preliminary experiment the absorption 
spectrum of bromine was measured for 
temperatures up to 400°C and was found to 
be in excellent agreement with previous 
measurements! 1 5J. It was also shown that 
neither bromine nor any impurity present gave 
rise to absorption with an absorption coeffic- 
ient (for Hr., per atm, of bromine) greater than 
0-01 cm ” from 1 to \1 fx. The absorption at 
4750 A which does not vary with temperature 
could not be used to measure the bromine 
pressure because silver bromide is photo- 
graphically active at this wavelength. The 
pressure was set using the van Doom method 
[16], or was estimated from the temperature 
of the side arm[17]. 

No valve which could withstand attack by 
hot bromine proved reliably leak light (as 
monitored by a mass spectrometer leak detec- 
tor) unless lubricated with a small amount of 
Kel F 90 halogen resistant grease. The light 
which passed through the sodium chloride 
reference crystal suffered progressive attenua- 
tion when the crystal was held at temperatures 
greater than 300X while using the van Doom 
method. This was believed to be due to the 
decomposition of a volatile compound pro- 
duced by reaction with the grease. Further- 


more the surface of the silver bromide 
appeared to be roughened by heating in 
bromine. A random error of ±0-15 cm”' in the 
absorption coefficient relative to sodium 
chloride was attributed to these factors. 
Although the sodium chloride was always 
checked as a reference, an alternative 
technique proved more precise. The crystals 
were equilibrated with bromine at a known 
temperature and pressure, and the spectrum 
measured by comparison with the sodium 
chloride. This was repealed for several 
temperatures at a given pressure. Then the 
silver bromide was placed in the beam and the 
transmission at four convenient wavelengths 
was measured as the crystal was healed, and 
subsequently cooled, at a given pressure of 
bromine. The logarithm of the observed trans- 
mitted light was plotted against the reciprocal 
temperature as shown in Fig. 2. The differ- 
ence between this line and an unknown 
constant level, log,o/()> gives the absorption 
coefficient: a - Since a is 

proportional to the number of centers causing 
the absorption A/, and N is expected to vary 
exponentially in reciprocal temperature (at 
least in the low-temperature range), we expect 
a to vary exponentially in reciprocal tempera- 
ture at low temperatures. 1 he /„ which made 
the low-temperalure extinction coefficient 
vary exponentially in reciprocal temperature 
was chosen by trial and error. Measurements 
at other wavelengths and/or pressures give 
the same slope within experimental error. 
Figure 3 demonstrates this for two wave- 
lengths. Figure 4 shows similar data for cad- 
mium doped crystals. All the curves lend to 
flatten at high temperatures, some even bend 
slightly down at the highest temperature. The 
temperature dependence of the tail absorp- 
tion is essentially the same at all wavelengths. 
The bromine pressure dependence of the as 
thus determined is shown in Fig. 5 and the 
spectral distribution of the absorption is 
shown in Figs. 6-8. 

It is found that for pure as well a.s cadmium 
doped crystals, brominalion causes an extra 
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Fig. 2. The intensity of transmitted light as a function of temperature for a 1 cm thick crystal of 
undoped AgBr at Pen = i 



a (cm*' 
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Pg^^VmHg) h. 


Fi^ 5 The absorption induced by bromination plotted against the bromine pressure for undoped 
AgBrjind AgBr t 5 4x 10 ’ rnole rraciion of cadmium 

absorption extending from the fundamental trum of electrolytically brominated AgBr[18]. 
absorption edge (which varies from 2-4 eV Some of our spectra show a structure in the 
at HO^C to I-O.S eV at 4()0°C, all at a = 0-44 long-wave part of the absorption. We are not 
cm ') to a cut-off independent of tempera- quite certain that this is significant; it may be 
ture at ==0-08eV, A similar absorption was due to the presence of water which absorbs 
previously indicated by the reflection spec- in this region. The absorption strength is 


long wavelength optical absorption 





hig. 6 The spectral distribution of the absorption of 
undoped AgBr at 01 and 760 mm Hg at various 
temperatures. 


the various defect disorder and formation 
reactions. The concentrations of all charged 
defects present must satisfy the neutrality 
condition; 

k] + [^';j = fA'] + [Ag;] + [Cd;j. (2) 

Native ionic defects are formed as a result of 
Frenkel disorder: 


Agig+ Vf -* Ag," + Fig 


and in equilibrium, 


[Ag;][K;K]=^r. (3) 

In the bromine-rich part of the phase field in 
which we are interested, electrons may be 
neglected. Holes are formed mainly as a result 
ofbromination 

giving [/i‘ ] [F^g] = hPKh (4) 

Neutral vacancies in equilibrium with 

through 


proportional to Cadmium doping de- 
creases the strength of the absorption at the 
lower temperatures, but does not affect it at 
higher temperatures. 


We can also formulate the formation of V\^, as 
as a result of bromination 


DISCUSSION 

Assif^mment of the spectrum: defect equilibria 
If it is assumed that the absorption cross 
section of a given defect is independent of 
temperature or at most weakly dependent on 
temperature, the dependence of the observed 
absorption on and on the cadmium con- 
centration as observed must be determined 
exclusively by the concentration of the defect 
involved. 

Bromination may be expected to give rise 
to three simple defects, viz. and h\ 

The concentrations of these defects formed 
under equilibrium conditions are found by 
applying the methods of defect chemistry to 


iBr.U') ^ Br,'„ + F;;,, [F^J = (6) 

Evidently (4-6) are not independent: ^ 

K^Ka- A general solution for the concentra- 
tion of holes in Cd-doped AgBr as/(pHrj) 
found by solving the equations (2-.^) 

+ ([Cdr + 4AV + 4XH„,.p|,^)''-} 

X {-] + {]+ 4KrI[CdY)''‘). 

At high temperatures where F[^^ and Ag,’ are 





respectively, for undoped AgBrand AgBr + 5-4 x 10*^ Cd. 
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1‘jg. 8. Long-wave part of the bromine induced absoip- 
lion for undopcd AgBr at /?nr, = 1-25 atm at variou'i 
temperatures. 


the dominant charged species, 4Kf> > [Cd]^ 
and (7) reduces to 

[h'] « (8) 

At low temperatures when [CdAg] > [AgJ] 

and [Cd;^g] (7) reduces to 

[/t ] = [CdAj“^^/fBr2t/iPB?j‘ (9) 

The temperature dependence of the hole 

density and the mobility 
Figure 10 shows the temperature depend- 
ence of the concentrations of the various 
defects in Cd-doped AgBr at Paj, = 1 atm* 

As shown by equations (6-9), both [/*’] and 
[Vln] are proportional to but whereas (6) 
shows [Far] to be independent of the cad- 
mium concentration under all circumstances* 
the hole concentration is independent of the 
cadmium concentration at high temperatures, 
but inversely proportional to it at low tempera- 
tures. Our absorption data fit the theory if 
the absorption is assigned to free holes, the 
temperature range covered corresponding to 
high and medium temperatures. 


That we are dealing with free holes is also 
indicated by the similarity between log[/7‘] 
as/(l/T) as obtained by Raleigh[4] and the 
absorption coefficients found by us, both 
showing a linear section a! lower tempera- 
tures, and a flattening and a weak maximum at 
higher temperatures. The possibility that 
absorption due to is contributing markedly 
to the absorption in the discussed range is 
unlikely, since the absorption was found to be 
suppressed by Cd^g; as we have seen, neutral 
Far would not be affected. Furthermore, the 
activation energy would be =0*93eV[5], 
while we observe 0-32 eV (see below) -a 
discrepancy well outside the range of possible 
errors. 

Although the curves for the absorption and 
the hole concentration have a similar appear- 
ance, the slopes are not quite the same. 
Raleigh’s data for pure AgBr in the linear 
region can be represented by [4, 5]: 

[/t-]- 1*74x10-^2 

xexp (-0*44 eF/itT) mol.fr. (10) 

The observed temperature dependence of the 
integrated absorption is represented by 

Jad£ = 2-84xl(Fp^'2 

xexp(-0-32eF/itr)eVcni-'. (II) 

A similar discrepancy exists for the cadmium- 
doped crystal. Inspection of Fig. 1 0 shows that 
in the temperature range 17 < \0VT < 19 

[/?■] = 6 X exp (—0*5 eVjkT) mol. fr. 

02 ) 

The integrated absorption, on the other hand, 
is given by 

Jad£ = 6-7xl(Fp^'2 

Xexp(-0•37^’^^M^)eVcm-’. (13) 

Both sets of data indicate a similar decrease 
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1 




1 rhc icmpcraiurc dependence of Ihe deled concenirutions for a crystal of AgBr + 
4 ^ HI ' (\1 in a hiominc pi ess Lire ol 1 atmosphere, assuming an accept oi loni/ation 
eneigy ~ 0^ 12 eV for 


of Ihe absorption per hole with increasing 
temperature, (10) and (11) giving 

a - j ad/:'/2-()7x l{F[//'] 

-7‘^)X10 '■^'xp(0-12e|//i^7')eVcm' (14) 

and( 1 2) and ( 13) give a similar result. 

Although absorption coefficients may 
decrease with increasing temperature as a 
result of a variation of occupation of levels 
when transitions starting at these levels have 
different transition probabilities, such a 
decrease is of the form ^ {1 - exp (—lilkT)} 
rather than «cxpt7AT. Therefore we are 


inclined to believe that the difference between 
the slopes of (10) and (II) and ( 1 2) and ( 1 3) 
is due to an error in either the hole concentra- 
tion or the absorption. An error in the former 
may have arisen by the use at higher tempera- 
tures of a temperature dependence of the hole 
mobility d/, = 1*5 X de- 

termined at! < 100°C[19,4,51. 

The temperature dependence of Vh required 
to bring (10) and (ID into line can be found by 
dividing the hole conductivity o-/, as given by 
Raleigh [4] in his Fig. 4, by fa 6E as given by 
equation (11) or by Fig. 3 using fadE~ 
l-SyXao.Hfi eV cm^‘; 
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Fig. 10 Experimental data for the Hail mobility of holes, 
lift, measured at .^00 c/s by Hanson 1 191 compared to r,, as 
/(log /T) derived from conductivity data by Raleigh [4] 
and our optical absorption data, using equation (15) 

^[t_ = 2-07xl0-i^ 

|ad£ “[''1 

= 2-07 X 10^^ qvja scc \ ( 1 5) 

Here q is the electronic charge, l*6x 10^'^ C, 
and a is the integrated absorption per hole, 
supposedly independent of temperature. 
Taking into account that according to Hanson 
[19] (d/JIOOT - 1 cm'V->sec'^ we find a = 
2-53 X lO^'^eV cm^ This is in excellent 
(though probably fortuitous) agreement with 
(a).v = 2'3x lO^'^eVcm^ as calculated from 
the Smakula formula (1) with /= 1, but is 
4 X smaller than (a)/j = T2 x 10~'^eV cm^ 
as calculated from Dexter’s modified more 
correct formula (1"). As indicated by Dexter 
[12] the numerical factor in both formulas 
must be expected to increase if exchange and 


covalency are taken into account, which 
reduces (a)/?. This quantity is further reduced 
if we lake /< I; /=« 0*25 would lead to 
quantitative agreement. Since this is a reason- 
able value, we feel that the agreement is 
satisfactory. Figure 1 1 shows log as /(log T) 
arrived at in this manner. A relation 

= (16) 

describes both Hanson’s and our data from 
27 to 380°C. Note the absence of an inflexion 
at high temperature where ct/, and J a dE have 
a maximum. 

E 



Fig 1 1 . Qualitative form of energy versus the wave veclor 
for branches of the valence band near L ,■ (a) m the [ 1 1 1 ] 
direction, (b) in directions other than [111] 


The exponent of -2*69 found now is more 
acceptible than the value -*5-5 arrived at 
previously on the basis of Hanson's data only. 
Similar values have been observed with 
several semiconductors (Table 2). Negative 
exponents of this magnitude are believed to 
result from acoustical scattering combined 
with inter valley and/or optical mode scattering 
[25-28J. The band structure of AgBr shows 
several valleys with energy extrema in close 
proximity[29, 30], In addition this compound 
is also partly polar. Thus both types of 
scattering may well play a role. 

Interpretation of the hole spectrum in terms of 
the band structure 

The hole spectrum observed is abroad band, 
possibly with some structure in the long-wave 
region, with a sharp cut-off at 0*08 eV. It 
should result either from intraband transitions 
or from transitions between different valleys 
or branches of the structure. The shape of 
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Table 2. Strongest high-temperature temperature 
dependences of carrier mobilities in semiconductors 
(v 00 T””) 


Substance 

Carriers 

Method of 
measurement 

n 

Reference 

Si 

e' 

drift 

2-5 

[20] 



conductivity 

2-6 

[22] 


h 

drift 

2-7 

[20] 



conductivity 

2-3 

[22] 

Ge 

h 

drift 

2*3 

[21] 

GaAs 

h 

Hall effect 

21 

[23] 

PbS,PbSe,PbTe 

p', h 

Hall effect 

2-2 

[24] 




-2-5 



the absorption near the cut-off indicates a 
dependence 

a^~(hp-E,r'^ (17) 

with = 0*08 e V rather than 

a = (18) 

This seems to indicate that we are dealing with 
a direct, allowed transition (3 1 ). 

The calculated band structure [29] shows 
that the lop of the valence band is L^, split 
by spin-orbit coupling into a pair of Kramers 
doublets and with a splitting of 
^ 0*{)8eV. On the other hand there is a slate 
54"==0 ‘leV below L4..V A transition, 24“* 
though of approximately the right energy 
would be indirect and can be excluded. On 
the other hand the direct transition 
though of exactly the observed energy, is 
parity forbidden: at Lj, viewed from a silver 
site, all wave functions have even parity. 
Away from Lj, parity is no longer exact, and 
there are non-vanishing matrix elements of 
the electric dipole moment, leading to allowed 
absorption. Normally the spin-orbit splitting 
increases with the distance from L3, and there- 
fore the increased absorption occurs at a 
gradually increasing frequency: the absorp- 


tion then has a tail as described by equation 
(18)- which does not fit our data. 

Thus we seem to be in an impasse, the two 
types of possible transitions having the wrong 
frequency dependence. A possible solution of 
this dilemma was suggested by Pryce[32]. The 
spin-orbit splitting is diflferent along [111] and 
in other directions. Along [1 1 1] it is essentially 
equal to the difference between the expecta- 
tion value of the spin orbit parameters, 
on Br" and ^4^ on Ag^. The weight associated 
with the amount of Br“(4p) and AgM^t/) 
changes only slowly near and therefore 
the splitting along [111] is insensitive to 
small displacements from (Fig. 1 \(a)). As 
a result transitions polarized l[lll] but at 
points other than ^ where parity is no longer 
exact, are allowed but still have a frequency 
close to that at L^. In directions different from 
[111] additional splitting occurs due to the 
fact that the orbital degeneracy of L.., is 
resolved; this dominates quickly over the 
spin-orbit coupling and gives rise to transi- 
tions at larger frequencies (Fig. \\(h)). As 
a result we get a total absorption with a sharp 
long- wave edge at corresponding to the 
splitting near L,, extending to shorter wave 
lengths due to contributions from non-[llI] 
directions. This type of transition therefore 
may be held responsible for the absorption 
near the cut-off at 0 08 eV. It possibly 
accounts for the absorption at shorter wave- 
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lengths. It may well be, however, that the 
latter is at least partly due to the indirect 
transition In both cases our 

analysis would be affected in that the total 
absorption cross section is not completely 
independent of temperature, but has the ten- 
dency to increase with temperature. This 
will lead to with n even smaller than 

the value found by us. 

The ionization energy of the native acceptor 
The absence of a noticeable absorption due 
to KJg indicates that either the oscillator 
strength f < I, or that < 10"® for T ^ 
320°C, pBra ^ 1 atmosphere. The latter in 
turn would indicate that acceptor level 
is close to the valence band, with Ea^ 0*1 eV. 
Ea can also be estimated from the tempera- 
ture dependence of the drift mobility of holes 
as deduced from the rate of brominationflO]. 
Combination of 

= 3-1 X 10-« exp (0-77 eVIkT) 

cm^V"* sec"^ (19) 

found for T> 200^^0 [33] with the tempera- 
ture dependence of Vn as given by (16) leads to 

= 8‘7X 10"” exp (0*632 (20) 

Assuming the drift mobility to be limited by 
trapping at with the formation of 

jg = ^ — ihl} — == ! 

I I ^ 

~i + [y'^,]|Ka ] + KriK„ 

Here is the equilibrium constant of the 
ionization reaction 

l^AgJ 

with g,= 12 and /(, = 2-34X 10"' 


P'* (mol. fr.), and K'^ is the equilibrium con- 
stant of the Frenkel disorder, which deter- 
mines [F^g] in the temperature range con- 
cerned. Taking /CJ, = 31 x 10®exp (“-1-22 
eVjkT) (mol. fr.) we find £■« = -“0*10eV, 
which is unacceptable: Ea must be positive. 
Since the previously used stronger tempera- 
ture dependence of led to a plausible value 
for Ea, this may be seen as evidence against 
the temperature dependence of v„ as found in 
this work. It is also possible, however, that 
(19) is somewhat in error. Considering the 
narrow temperature range from which it was 
deduced this is not unlikely. Correction of ( 1 9) 
to an expression with a weaker temperature 
dependence will make Ea positive. However, 
at most a small absolute value may be at- 
tained -in agreement with the limitation 
Ea < OT eV found above. 

The thermal and optical band gaps 
The change in the temperature dependence 
of Uft represented by (16) also affects the 
result for the intrinsic electronic excitation 
constant Ki as f{T) arrived at by combining 
our data for the hole concentration in AgBr 
in contact with bromine, with llschner’s data 
for the electron conduction in AgBr in equi- 
librium with silver [34] and the free enthalpy 
of formation of AgBr. For a constant absorp- 
tion cross section a = 2*53 x 10"^^ eV cm^ as 
found above, (1 Ogives 

[/i*] = 5*53xl0"X^ 

exp (-0*32 eVIkT ) mol. fr. (22) 

From this we find for the equilibrium constant 
of bromination with the formation of silver 
ion vacancies and holes 

Wft = 3-lxl0'^exp (-0-93eFMT) 

(mol.fr.)^atm."*'^ (23) 

Following the path outlined in reference [10] 
we obtain instead of equation (16) of that 
paper: 



/iC**' 


^ /W/fifif Jiffcf f. A MdOMf 

kadsto 


K,-ieWl 


= 4-07 X !r exp (-3-26 eVm cm'“ (24) 


£f=3-ISeV and yi? = /•7x/0'»eV% 


Equating this with the theoretical expression 

A', = exp (/3/i) exp {-E°fVlkT) 

with Ei the band gap and and av wei^»ht 
factors of the conduction and valence bands, 

m,f ^ = 0-27 m, writing 7'’ ~ 1-88 x 10” 

exp (’-()• II cVIkT) 


Figure 12 shows bow this compares to the 
optical values for Ei as a function of tempera- 
ture. There is agreement of the absolute value 
of E, near 500"K. but the temperature depen> 
dence and the value of £7 are somewhat too 
large, the linear part of the optical absorption 
edge varying with temperature according to 
= (2*9-1 '2 X lO^^T) eV if we consider 
the whole temperature range or by (Ei)opt^ 
(2*97-] *36 X lO'T) eV if we concentrate on 
the range ]00-30()T. Considering the many 
steps involved in the analysis, the discrepancy 
is not so large that it disqualifies the mode). 
This is true in particular because both the 



Fig. 12. The optical bandgap (h’Jow ) according to various 
authors, and (he bandgap E, as deduced from polarisation experi- 
ments with r,, as /'( T) as given by equation ( 17) and Fig. 1 0. 
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ontical gap and its temperature dc^ndencc 
ire themselves somewhat arbitrary. The data 
of Figs. 6 and 12 are represented by a modi- 
fied Urbach relation[42]: = 6-8x10^ exp 
2-9) eVjkT). Thus the value of k 
chosen to define the band edge affects the 
temperature dependence of the edge observed. 

W has so far been tacitly assumed that the 
absorption edge of AgBr is due to band to 
band and exciton transitions, without allowing 
for transitions involving the defects of the 
native Frenkel disorder or non-stoichiometry. 
These should give rise to absorption bands in 
the tail of the fundamental absorption similar 
to the 'greek' bands in the alkali halides, and 
as a result the observed edge should be found 
at a somewhat longer wavelength than cor- 
responds to the band to band transition. Since 
the concentration of Frenkel defects increases 
with temperature, the displacement should be 
largest at higher temperatures. Evidently this 
effect, if present, would weaken the tempera- 
ture dependence of the forbidden gap as 
deduced from the optical data and thus tends 
to increase rather than decrease the dis- 
crepancy discussed above. 


CONCLUSIONS 

Silver bromide shows an absorption from 
the band edge to 0*08 eV whose intensity 
increases with the square root of the bromine 
pressure and with increasing temperature. The 
band is depressed by positively charged 
species and is identified as a free hole transi- 
tion from -> Lfi. No absorption due to 
neutral silver vacancies was observed. If the 
oscillator strength /of the absorption by these 
centers is - 1, the absence of absorption im- 
plies that the concentration of these centers 
is low, which in turn indicates that is a 
shallow acceptor, with a separation between 
its acceptor level and the valence band 
^OleV. 

Combination of the absorption and con- 
ductivity data leads to a hole mobility de- 
scribed by = 8 X cm^V~‘ sec~‘. 

Values of the forbidden gap calculated from 


conductivity data with the changed hole 
mobility arc close to the values indicated 
by optical absorption but show a somewh^d 
larger temperature dependence. 
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ZEEMAN PERTURBATIONS ON SHALLOW ACCEPTOR 
STATES IN GERMANIUM 
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Abstract- Based on the effective mass theoretical approach, the magnetic field splittings of the shallow 
acceptor slates in Ge have been studied. In this calculation, we have used the acceptor wave functions 
previously obtained by Mendelson and James. It is found that the jf-factor for the ground state 
quartet, so obtained, is in close agreement with the one calculated by Suzuki, Okazaki and Hasegawa 
using full six component envelope functions. 1'he Zeeman splitting for the excited r,i doublet appears 
to be quite large. The g-factors for the \\ doublel and other excited stales have been calculated The 
Zeeman splittings of Raman transitions involving the ground state mulliplet and a low4ying excited 
state mulliplet of even parity have also been determined 


1. INTRODUCTION 

Experimental investigations of the Zeeman 
splittings of the i.r. absorption lines associated 
with acceptor impurities in germanium have 
been reported by several authors. Fisher and 
Fan have studied the Group II impurities 
copper and zinc[ll as well as the Group III 
impurity boron [2]. Shenkcr, Swiggard, and 
Moore L3J have recently reported results for 
the Group 11 impurity beryllium. 

Theoretical investigations so far appear to 
be restricted to the Zeeman splitting of the 
impurity ground state which, in the absence 
of a magnetic field, is four-fold degenerate. 
Bir, Butikov and Pikus[4| calculated the 
ground state Zeeman splittings using four- 
component wave functions of the Kohn- 
Schechter type[51. Suzuki, Okazaki and 
Hasegawa [6] have used six-component wave 
functions to treat the ground slate splittings 
and have obtained results somewhat different 
from those of Bir, Butikov and Pikus. 

I n the present paper we calculate the 
Zeeman splittings of the ground state and 
several excited states for shallow acceptors 
in germanium using effective mass theory and 
four-component wave functions of Mendelson 
and James [7]. The intensities of the various 
Zeeman components of i.r. absorption lines 
are estimated in lowest order approximation. 


The Zeeman splittings of Raman transitions 
involving the ground state multiplet and a 
low-lying excited state multiplet of even 
parity are calculated for germanium. 

2, THEORETICAL DEVELOPMENT 
In the effective mass approximation, it is 
known that the wave functions of shallow 
acceptor states may be expressed in the form 

= s (I) 

i 

where the ifj are the degenerate Bloch func- 
tions at the valence band edge in the pure 
crystal, and the F/r) are the so-called 
envelop functions which satisfy the following 
coupled effective mass equations 

2 f-'yir) = EFjirl (2) 

in equation (2) represents the inverse 
effective mass tensor; are the com- 

ponents of the momentum operator along a 
and j3 directions respectively; € is the static 
dielectric constant of the crystal. 

The valence band edge of Ge has \\ sym- 
metry and is four-fold degenerate. Thus, in the 
very strong spin-orbit coupling limit, the sum 
over j in equation (1) and the sum over / in 



1454 


P. J. LIN^CHUNG and R. F. WALLIS 


equation (2), run over the four degenerate 
states, namely, the nii = i i, -i, states of 
the Fh valence band edge. 

Kohn and Schechterf5] first used trial 
functions of the form 

Fi{r) = ^ 2 
I k 

The angular functions are linear 

combinations of spherical harmonics of order 
/ and are determined by the symmetry pro- 
perties of the impurity states [5 \. 

Mendelson and James[7) then adopted a 
more general radial function such that 

/-VD-S (3) 

I he coefficients C/^- and the radial functions 
//(/•) were obtained by means of a variational 
calculation and were presented by Mendelson 
and James in numerical form. 

In contrast to the radial functions of Kohn 
and Schcchter, the radial functions of Mendel- 
son and James contain nodes for some of the 
excited states. They therefore seem more 
suitable for use in our calculation which 
involves excited impurity states. 

For a numbei of states of interest, however, 
the Mendelson and James functions do not 
have nodes. \ he improved numerical node- 
less functions could be fitted very closely 
by an analytical form 



//(r) = a,r"/e 

Here, in general, ni is not an integer. 

As we shall see in the computation of the 
absorption coefficients in the Zeeman spec- 
trum, it proves necessary to replace the 
numerical form of each individual wave 
function by an analytical form. The reason 
is that a numerical integration for the matrix 
elements appearing in Appendix 2 always 
shows slow convergency. 

In the presence of a magnetic field, a new 
set of coupled effective mass equations is 
introduced as follows 


+ (»<.■ H + F,(r]-EF)r) (4) 


where A,, is the (v-th component of the vector 
potential for the external magnetic field and 
/i, is the free electron magnetic moment. 

For convenience, equation (4) may be 
expressed in matrix Form. Furthermore, the 
Hamiltonian on the left-hand side of the equa- 
tion may he divided intn two parts: 




One part is the unperturbed part, which 
is identical to the left hand side of equation (2) 
and is of the following form: 
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The other, the Zeeman part, ^zeeman< in 
turn, be considered as composed of two terms, 
the symmetric term, coming from elc(Dp-\- 
Dfj^)(PaA 0 +AaP 0 )^ and the antisymmetric 
term coming from Mk'H and elciDJ^^- 
Dp(PaA 0 -\-AaPfi-ppAa-A^pJ\ The 

antisymmetric term gives a simple expression 
in terms of a constant K introduced by Lut- 
tinger[8]. When the gauge A (-iy//, ijr//,0) 
is used for a magnetic field in the (001) direc- 
tion, we obtain 




eh 

2 mc 


Ja n 


Keh 


me 


JM. 


We ignored the quadratic terms in the mag- 
netic field and assumed that the constant q 
defined in [8] is equal to zero. The total 
'^zvvm^n will then take the form 


^-factor corresponding to the component 
Mj of a multiplet is simply given by 

The shift in energy of the component of a 
multiplet from its unperturbed state is then 


( 8 ) 

The ground acceptor state, being pre- 
dominantly 5-like, belongs to the I « irreduc- 
ible representation, while the /?-like excited 
acceptor states belong to doubly degenerate 
IV \\ and four-fold degenerate I ^ — p irreduc- 
ible representations. Finally, one of the low- 
lying excited stales belongs to the irreducible 
representation Th-s. In Appendix I, we list 



The parameters B, N and k characteriz- 
ing the effective mass and the ^-factor of 
the valence band edge of germanium are 
taken as - !3'08(^V2m), --8’94(^^/2/w), 
-34‘62(/i72m) and 3-9 rcspectively[6]. 
When the strength of the magnetic field is 
not very large, Tzeeman niay be considered as 
a perturbation potential which acts on the 
ground state quartet or excited state multiplets 
and gives rise, as a first order effect, to a 
splitting of all multiplets. If the J-M., re- 
presentation is taken for the multiplets, the 


the trial functions for these states used in [7] 
and in the present calculation. 

In order to obtain a detailed understanding 
of the Zeeman absorption spectra of Ge doped 
with group 111 impurities, we compute the^- 
factors for the various levels, examine the 
selection rules of optical transition between 
these levels and determine the relative absorp- 
tion coefficient of each component line in the 
spectrum. 

The gTactors calculated from equation (7) 
are given by: 
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where In the estimation of the optical absorption 

5 I / \ 1 j \ coefficient we have employed the dipole 

t' = "dT/ 7 \ lir/ approximation and zero-th order wave 

functions. The absorption coefficient a^j 
*>*=:, -ll / \ +1/ / ^\_1/ u associated with transitions from the initial 

r 7 \ dr / 7 \ dr / state I to the final state j under this approxima- 

tion is proportional to (Ej ■“£,)! f ilf,Ur)ri//j X 
The relation, LV//) = for all the (rld-^rj^ where r is in the direction of the 

above irreducible representations. electric vector of the radiation. Neglecting 

Using the values of the r's and /’s obtained the slow variation of the modulating functions 
from [7], we have calculated the numerical £j(r) over a unit cell and replacing |(^j(r)p by 
values of the -factors, The results are its average value in a unit cell, we can write 

summarized in Table I. In addition, to show the absorption coefficient 
the positions of the levels with and without 

a magnetic field, we display a schematic a,j (£j- £<) I J £t*(r)rFj(r) (\ (9) 

diagram in Fig. I. The figure is exaggerated 

for clarity. On the left hand side of the Rquation (9) then specifies selection rules 
diagram, we label the levels both by group and relative absorption coefficients for strong 
representation notations and by the con- electric dipole transitions. The expressions for 
vcntional designations. the integrals / f*(r)rFjir)dr are shown in 

It is seen in Table 1 that the values of Appendix 2. I'hc selection rules for strong 
and for the ground stale 1^ — .v agree electric dipole transitions are as follows: 
reasonably well with the values obtained by 

Suzuki et (iL\tt\. This indicates that, in the (u) For transitions between — s and Vh~-^ 
case of (ie, four-component wave functions nudtiplets: 

are accurate enough to represent the true Amj=l. —3 allowed for righl-circularly 
eftbetive mass wave functions. The dis- radiation, 

crcpancy in the resulls of [4] is attribuled = allowed for left-circularly 

lo Ihc neglect of Ihe most important con- polarized radiation, 

(ribution to th^' symmetric term Anij = ±2 allowed for radiation with 

E||H. 

(e/V) f Awj = 0 forbidden transition. 

The ,e-faclor for \\ appears to be exceed- transitions between and 

ingly large. It leads us to believe that, for multiplets: 

large magnetic fields, the first-order perturba- 1 allowed for right-circularly 

tion treatment of can no longer be polarized radiation, 

valid for levels close to \\,. However, the Amj = — 1 allowed for left-circularly 
Zeeman spectrum in the energy range close polarized radiation, 

to the Tfi level has so far not been observed Amj = ±2 allowed for radiation with E||H. 
experimentally. Am^ = 0 forbidden transition. 

Table 1 . The g-factors and g-^rzfot’ the acceptor levels o/Ge, when H || fOO I ] 

(«f00) (8 + 01) (8-01) (8-02) (8-11) (7-0) (7-1) (6-0) 

-0-0720 -1-5260 -2-0732 -3-6585 -3-1768 l■0974 2-H706 11-822 

Urn 0-2870 -0-0H27 0-2470 -0-0831 0 2551 
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Fig, 1. SchemLuic diagram of ihe acceptor ground state 
and p-likc excited slates in germanium without (left 
side of drawing) and with magnetic field (right side of 
drawing), ('onventional designations for the levels and 
the optical transitions are shown 

(r) For transifions between I and and two /4' lines for E|iH transitions. The 

= — \ allowed for right-circularly relative absorption coefficients for some of 

polarized radiation. the lines are shown in Fig* 2. We should bear 

Awj = 1 allowed for left-circularly tn mind that this calculation of the absorp- 

polarized radiation. tion coefficients is based on the assumption 

= ± 2 forbidden transition. that there exists no collision broadening. More 

Artij ~ 0 allowed for radiation with E||H. accurate estimates rely upon the use of more 

accurate wave functions as well as the in- 
A complete list of the Zeeman spectrum elusion ofcollision broadening mechanisms, 
lines can be found in Table 2. Some of the We notice that in Fig. 2, the absorption 
lines in the Zeeman spectrum are very close coefficients of the D and C lines are an order 
to each other energy and may not be resolv- of magnitude greater than the G lines. Owing 
able by experiment. Thus, roughly speaking, to the fact that the integral in equation (9) 
there are only four distinct G lines, four D converges slowly when r is large, the estimates 
lines, two C lines, four lines and two A' of the absorption coefficients of the C and 
lines for E 1 H transitions, and three G A' lines suffer from the lack of analytic 
lines, four D lines, two C lines, four C' lines, expressions for the (6-0) and (8-11) wave 
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Table 2. Positions' of Zeeman spectrum lines for Ge(E^;, Ey, etc. 


are the positions of corresponding lines without magnetic field) 



Right-circularly 

polarized 

Lefl-circularly 

polarized 

E\\H 


E^-l-9(8j3// 

LV- ( ■973/3// 

£,;+ 1-0550// 

(8-01) (8 + 00) 

E(;~0‘857i8W 

0-802 jSW 

Eo-0*115/8// 

G lines 

+ 1-973/8// 

£,, + 0-857 

£,; + O-ll50// 


+ 0-802/3// 

£,;+ 1-918/3// 

1*055/3// 


£o“2-261/8// 

£„-2-315j3// 

1-397^// 

(8-02) (8 + 00) 

0-36 1/3// 

0-307/8// 

0*61 1/3// 

0 lines 

£« + 0-307/8// 

£,, + 0-361/3// 

£,,+0-611/3// 


2-315/3// 

£,, + 2-261/3// 

£,,-1-397/3// 

n-m (8 + 00) 

LV-I- 0 567/3// 

£,. + 0-513|8// 

£>-1*431/3// 

C lines 

^,-0-513^// 

E, -0-567/3// 

£, + 1*431/3// 


-2-020/3// 

£', -0 559/3// 

£'r+I157/3// 

(8-Jl) (8 + 00) 

L;.-0-6I4/8// 

E'r-impH 

£^ + 0*358/8// 

C lines 

L;+ 2-074^// 

E'l +0-614/3// 

£; -0*358/3// 


t:\ f 0-559/3// 

£’, + 2-020/3// 

£V- 1-157/3// 

(6 -0) (8 +(K)) 

L',-k5'425/3// 

£:, + 5-479/3// 

£;, + 6-397/3// 

A ' lines 

L;, -5-479/8// 

£’,-5-4250// 

£'4-6-397^// 



Fig, 2, ReliUvc absorption coctficicnts of the component 
lines of G , D and C lines. The solid lines represent the 
optical transitions with E L H; the btoken lines represent 
those with K)|H, 


functions and incomplete numerical informa- 
tion of these wave functions at large r. 

The transition between (S-fOO) and (8 + 01) 
i.e. the E line, is forbidden for strong electric 
dipole transitions but is Raman-active. It 
should therefore be of interest to examine the 
Raman spectrum in low magnetic fields. We 
have evaluated the g-factors for the (8+01) 
state and listed them in Table 1. The cross 
section for Raman scattering in the dipole 


approximation is proportional to the following 
quantity 


W = ~\AA 

O), 


2 


0 )/ 


(10) 


E, — ti(t)L^ — Et 


-s 

m ^ 


(e* '7T)fr[€r7T)ri 


E( + feu; ” Er 


- + 


Here, = p + (e/c)A; /, r, / refer to the 
components of the (8 + 00) state, the inter- 
mediate states and the components of the 
(8 + 01) state, respectively; m is the free 
electron mass; 6/, €/.-, o)/, are the polariza- 
tions and frequencies of the incident and 
emitted photons, respectively. 

According to equation (10), there exist 
selection rules for the strong Raman transitions 
between the (8 + 00) and (8 + 01) multi plets. 
For €/ 1 H, ty 1 H, the transitions with 
Amj = 0, ±2 are allowed. For €,||H and 
only = 0 are allowed transitions. 
Finally, for €^||H, €y 1 H, €^.||H, Amj = ±l, 
±3 are allowed transitions. These polariza- 
tion rules also hold for transitions among 
the ground state components. 
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Fig. 3. (a) The splitting of the Raman E line in magnetic 
fields, when e/||H. 1 H or 1 H, Both = 

± 1 (solid lines) and Amj = ±3 (broken lines) are allowed 
transitions, (b) The splittings of the Raman E line in 
magnetic fields when 1 H, 1 H (both solid and 
broken lines); and when e/||H. e^IlH (solid lines only). 
The zero position is the position of the unperturbed E 
line. 

Based on the selection rules and the 
g-factors obtained in this calculation, the 
splittings of the Raman E line in low magnetic 
fields are found and displayed in Fig. 3. It 
is seen that, for the polarizations €/l|H, 
1 H or €/ 1 H, four distinct lines 

may be observed, whereas for the polariza- 
tion €j 1|H, e.IlH or €/ 1 H, 1 H, only two 
lines may be resolved. 

In the case of Raman induced transitions 
among the ground state components, no line 
will be observed when That is due 

to the fact that, for this polarization, no 
transitions other than Awj = 0 are allowed. 
For €y 1 H, €j. 1 H one line with energy 
0 05^ H is produced by Raman scattering. 
For €j|H, €p 1 H or £, 1 H, three 
lines with energies 0-918 j3//, 0*972 j3W, 
0*864/3//, respectively, appear. 

3. COMPARISON WITH EXPERIMENT 

Experimentally, the C and D lines of both 
B- and Cu-doped germanium and the D line 
of Zn-doped germanium have been observed 


to spilt into two components (1, 2] in a 
mapetic field. Recently, more interesting 
results were obtained for Be-doped Ge[3]. 
It is found that at 30 kG, the G line splits 
into four components consistent with our 
present calculation. Four components of the 
D line and two components of the C line were 
also observed. Apparently, at such a rela- 
tively high magnetic field, 30 kG, the spacing 
between the split-off components is compar- 
able to the spacing between the C and D 
lines. The interaction between the compo- 
nents of the C and D lines has a tendency to 
push the D component lines to lower energies. 
Indeed, in[3], the components of the D line 
are all shifted toward the low energy region 
as expected. For the purpose of checking our 
computed results on C, D, and other lines, 
experiments with higher spectral resolution 
and performed under lower mapetic fields 
on group III impurities therefore seem most 
desirable. Such experiments are now under- 
way at the Naval Research Laboratory. 

Apparently, no experimental data are 
available for the splittings of the Raman E 
line under mapetic field. Wright and Moora- 
dian[9] observed the Raman E line of accep- 
tors in Si without mapetic field. However, 
no observation of the electronic Raman 
scattering from acceptor impurities in Ge 
has been reported. 
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/\»=l 

P],i) = ?/<■. Pi,ii = {x±iy)lr 

^2.0 = - H-r'" ■* V'‘)/r“.Pj,i, = :(jr±iv)/r‘.P2,-z= (x±iv)Vr' 

pJ,„ = ^(A-±;v)■-ir^Pa,:,= (A:±iy)V. 


APPENDIX 2 

Nonvunishmn malm elements oj (h'i|r|f j} 

<p''-(r,-p)ir|r''*(r,-v)) = (P''''‘(r,-p) |riF-«(i, -.!))’ = 

(F "'(r„-*p)|r|p«(r,-i)> = -(F''-'(rK-p)|r|f «(r„-o>=-(\,+ 2 \ 2 )k, 

{r '>‘{V,-p)\r\F''Hl\-s)} = -(F'‘‘(\\- p)\r\F~'‘Hr,~s)^ 

= -{F ''ni'.-p)|rlF''Mr»-J))‘=(F”(rK-p)|rlF-«(r,-i))* = -iV 3 L,(i + /j) 

<f -p)|r|F“'«(r»-.«)) = <p"'^(rH-p)|r|P''-'(rK-.0)* = /(A,+;^2)(i-ij). 
(r'''(r„-p)|rlF-'«(r,-,v))=-{F-»''(r,-p)|rlF'"ll',-s)> = (X,- 2 A 2 )k. 

= ^<h''*(r,)lr|F ''■-(l'.-»))* = -(F-''-(r,)lr|F = • \,(i-/j) 


where 


<F'''{r„)lr|/-^''Mr«- 0>=-(F-"=(r,,)lrlF -''Mrs-S))* 

--V'.1(F = v'3<F’'Hl'«)lr|F-''Mr,-.s)>"“ V^3X,(l + (j). 

(F''^(r.)|r|F"--(I-,-.v)) = (F «(rj|r|F--«(r„-.v))* = -2/X^k. 

Xi = y(„,( ,, <ry„/,) + 2 (f‘/s/,) + ^[^je!,<M-72e2,c,j,i+ 14V'3fj2e,,j(r"/;/,}. 

Xj “ 3x^3 ^ oieii(r '_/ (i/i) + Yj ((‘zif n “ 1 22<'ri) (^Yz/i) "t" "h ^ e-zzt'.taj (/^/z/z) 

Xz '^yenjCi (rYoPi) 4 (2c2iC'i 4 N/3e2z( i) “YJ (3r 2iC;i ” x/3(‘2z( ;i)(rY2^a)- 


47r 477 

^4 ~ 1 f o^l) ~ 'j^ 


“^(3c2,tv-l- V3c22f')(ryA>- 


i.J.k are unit vectors along ( 1 00), (010). (001) directions rcs(>ectively. 
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HYDROXIDE AND OXIDE IMPURITIES IN CALCIUM 
HALOPHOSPHATES 
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Abstract- A number of defects giving rise to specific optical absorption and fluorescence, and to the 
formation of color and paramagnetic centers upon X-ray irradiation, can be produced in polycrystalline 
Ca,o(P 04 ) 8 Fj (calcium fluorapatite). Healing in vacuum results in the formation of F ion vacancies. 
Heating in water vapor introduces OH ions which substitute for F ions and heating in water vapor 
followed by heating in vacuum results in the formation of oxide ion impurities at F ion sites and F ion 
vacancies which can associate. Models for several color and paramagnetic centers proposed on the 
basis of the results of earlier EPR studies on single crystals are supported. A new paramagnetic defect 
consisting of a hole trapped at an 0-0 H ion pair is reported for the first time. Some ideas on the de- 
fects responsible for extrinsic u.v. absorption bands seen previously in fluorapatite are presented. 
Finally, chlorapatite is shown to behave in an analogous manner. 


INTRODUCTION 

The APATITES form a large group of naturally 
occurring and synthetic compounds having 
the generic formula Mto(y04)6A'2[l]. Most 
commonly the M are positive divalent ions, 
the YO4 are groups such as and V04^~, 
and the X are halide or hydroxide ions, al- 
though much more complex compositions are 
possible [2]. The apatites discussed in this 
paper are Ca,o{P04)6F2 and Ca,olP04)6Cl2, 
henceforth referred to as F-apatite and Cl- 
apatite. The apatite crystal structure is based 
on a primitive hexagonal lattice with P6Jn\ 
space group symmetry [3-6]. The important 
structural feature for the purposes of this 
paper concerns the packing and immediate 
surroundings of the halide ions in the struc- 
ture, The F-ions with point symmetry 
form linear chains along the 63 screw axis 
(c-axis) and diffusion may be expected to 
occur with relative ease along these chains [7]. 
In Cl-apatite and in calcium hydroxy-apatite 
the Cl“ and OH' ions also lie on the screw 
axis but their z parameters and the orientation 
of the 0-H dipoles along this axis are more 
complex [3,8,9]. 

Good methods for the synthesis of po]y- 
crystalline F- and Cl-apatite powders have 


been developed as a result of their use as 
fluorescent lamp phosphors. Large single 
crystals have been grown by the Kyropoulos 
method [ 1 0] and by the flux method [9], 
These crystals both pure and doped have been 
used for the study of color and paramagnetic 
centers [11-13] and for a variety of optical 
sludies[9, 10, 14, 15]. The epr studies of 
defects formed in X-irradiated F-apatile 
were sufficiently detailed to suggest a simple 
set of defect models consistent with all the 
experimental facts. The presence of hyperfine 
interactions with nearby F and P nuclei per- 
mitted the identification of the position of 
these defects in the host lattice with almost 
complete certainty. Table I summarizes the 
final models proposed for the defects observed 
after X-raying F-apatile crystals [1 2]. The 
symbols O and V represent, respectively, 
an 0 impurity at an F site and an F ion 
vacancy. Multiple symbols represent defects 
associated as nearest neighbors. The super- 
scripts 0, +, and “ give the charges of the 
defects relative to the singly negative F ions 
which they replace. Although it was necessary 
to subject the F-apatite crystals to a dose of 
X-rays before the color and paramagnetic 
centers could be observed, the fact was well 
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Table 1 . Summary of defects seen in 
F -apatite si/ifile crystals\\ 2 ] 


Defects observed 
ailcr X-ray 
irradiation 

Absorption hand 
maximLim (||G 
al 3(HrK 

EPR 

spectrum 

lable^'" 

0" 

none 

H II 

yo 

4.^0 nm 

1) 

(0-V-V)'> 

760 nm 

111 

(V-O-V)" 

44S nm 

|(b) 

(O^V-V) 

6 1 0 nm 

none'" 

(0-V)^ 

none 

H 1'"’ 


'"'H II find H 1 arc hole excess center, the remaining 
ones aie electron excess centers. 

‘'’’Not stable at r(X)m teinperatiire C)bs erved by X-ray 
H radiation at 77^K 
''■’Not a paraniagnetic delcci 

documented that the atomic defects were not 
created by the X-rays ( 1 1 ]. Free electrons and 
holes, created by the X-rays found their 
way to a trap with a suitable charge stale to 
create the observed centers. I hus. only the 
charge stale of the defect was changed by 
irradiation, and a thermal anneal at 50()°(' 
was sufficient to permit the centers to relax 
to their initial charge stales. Therefore, cor- 
responding defects originally present in the 
F-apatile crystals quite probably were 
O', V‘, (V-0~V)' and (O-Vr These 
defects whose concentrations varied among 
the many crystals grown all involve oxide 
and y ion vacancies either isolated or in 
various associations. It was not possible, 
however, to control the chemistry during 
crystal growth and thus provide a further test 
for the proposed models. In particular, the 
presence of O as part of the defects could not 
be positively identified by epr studies. 

in addition to the formation of color and 
paramagnetic centers under X-ray irradiation, 
extrinsic u.v. absorption bands were observed 
in as-grown Cl- and F-apalite crystals [9, lOf 
The intensity of these hands varied among 
different crystals but their origin was unknown 
since, again, it was not possible to control the 
chemistry adequately during crystal growth. 
Upon examination of pure F -apatite powder 
which had been prepared to have a stoichio- 


metric composition, it was observed that none 
of the defects listed in Table 1 could be created 
in any appreciable quantity by X-rays, Further, 
diffuse reflectance measurements of the 
material indicated reflectance in the ultraviolet 
larger than 0*9 (compared with MgO taken 
as 1 -0) out to 1 85 nm. 

The purpose of this paper is to describe 
chemical procedures by which the composi- 
tion of polycrystalline stoichiometric F-apatite 
could be modified so as to observe the color 
and paramagnetic centers and the extrinsic 
u.v. absorption bands previously seen in 
single crystals. By correlating'the observed 
changes in optical and epr spectra with the 
chemistry of the F-apatIte system, it has 
been possible to further substantiate the 
correctness of the models as given in Table I. 
The extrinsic u.v. absorption bands have 
been produced and some clues have been 
provided as to the nature of the detects 
associated with the bands. In addition, 
several new epr spectra are observed. For 
one of these (spectrum HV), a model for the 
defect is proposed. Although this paper is 
primarily concerned with F-apatite, we also 
show that Cl-apatite behaves in an analogous 
manner. 

MATERIAI.S AND METHODS OF MFASDRtMENT 

The F- and Cl-apatitcs were prepared by 
solid phase reactions from CaHP 04 , CaCO;,, 
and CaF., or Cadj.^' The single crystals of 
F-apatite were grown from a CaF^ flux [9] 
or from the mcllflOj. 

For (he diffuse reflectance measurements, 
monochromatic light from a Cary Model 
I4R spectrophotometer was allowed to fall 
on the samples pressed into shallow cups 
(O’Smm deep) at an incident angle of 40°. 
A cone of the diffusely reflected radiation was 
detected by a suitable photomultiplier and 
recorded. Corrections for fluorescence were 
made where necessary and all reflectances 

*Thc apatite samples were kindly supplied lo us by 
the Chemical Products Plant, l.amp Division. General 
Electric Co., Cleveland, Ohio. 
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arc given relative to that of freshly smoked 
MgO taken as unity. Fluorescence emission 
spectra, corrected for the spectral sensitivity 
of the detector and spectrometer, were ob- 
tained using a Jarrell-Ash 0*5 m mono- 
chromator and filtered GEH85-C3 high 
pressure Hg arc as the exciting source. Infra- 
red transmission measurements were made 
using a Beckman lR-7 spectrophotometer 
and standard KBr pressed disk techniques. 

For the production of color and para- 
magnetic centers, the powdered samples 
were pressed into the shallow cup used for 
reflectance measurements and mounted on 
a water-cooled brass block. These samples 
were usually exposed for 30 min to the X-ray 
beam from a fV target filtered by 10 ml A1 
and operated at 50 kV and 20 mA. These 
conditions insured approximately homo- 
geneous exposure and concentrations close 
to saturation. 

For epr measurements the irradiated powder 
was remounted dry in a teflon sleeve centered 
in a cylindrical TE 01 1 cavity. The magnetic 
resonance measurements were made at 77°K 
in a balanced bolometer spectrometer operat- 
ing at l4Ghz. Details of this spectrometer 
have been described elsewhere[16]. 

Measurements of the absolute concentra- 
tion of the paramagnetic defects in powder 
samples have been made with the aid of a 
calibrated sample of phosphorous-doped 
silicon.* By taking proper account of the 
differences of line shape, line width, and 
saturation characteristics between this 
standard and the epr signals in F-apatite, 
the signals obtained with apatite could be 
converted to defect concentrations. A sample 
of MgO:Cr^* was used to correct for varia- 
tions in the spectrometer sensitivity as des- 
cribed in an earlier paper [12]. Comparison 
of signal amplitudes before and after crushing 
a single crystal yielded the additional factor 


^Sample^ of this material were distributed by E. A. 
Gere (Bell Telephone l.aboraturies) to colleagues active 
m epr work circa 1961. 0. W, Watkins kindly furnished 
us with part of the sample given to him. 


needed to calibrate signal strengths in powder 
samples. The estimated accumulated error 
for the absolute calibration of the hole center 
concentrations is probably about ±25 per 
cent whereas relative concentrations are 
about ±5 per cent. The absolute concentra- 
tions of the trapped electron centers are about 
a factor of two less certain. 

EPR SPECTRA 

Three of the major centers which have been 
studied in single crystals of fluoroapatile 
have been labelled II, 111 and H II. The 
most probable defects which could give rise 
to these spectra were concluded to be those 
described in Table I. The associated epr 
spectra may be adequately described by the 
spin Hamiltonian 

^ = ^5 • j? • // + 5 // • /f 

where g and A are axially symmetric tensors 
and If, is the spin of one or two nearest neigh- 
bor fluorine nuclei [12]. The parameters for 
these centers are included in Table 2. 


Table 2. EPR parameters of defects in 
F~apatite 


RPR 

spectrum 



A 

(g") 

A 

(G) 

|(ri) 

1-9994 

1 9983 

21 

32 

(1 

I -9995 

1-9984 

17 

26 

HI 

2 0000 

1-9995 

3 

4 


:-0024 

2-0024 

4 

4 

Vl‘"' 

2-0012 

2-0024 

0 

0 

HI (61 

2-0582 

2-0019 

5-8 

0 

Hll 

2-0522 

2-0018 

7 0 

0 

HV 

2-0548 

2-0018 

6-1 

0 


'"’Powder samples only 

'''’Observed only upon irradiation at 77°k 


These three centers have been observed 
in the powder samples and will be discussed 
in the next section. The powder spectrum 
may be predicted by averaging the single 
crystal parameters over all directions in space. 
Alternatively a single crystal whose color 
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center properties are known can be ground 
up. Both of these approaches have been em- 
ployed to correlate powder and single crystal 
spectra. Representative single crystal and 
powder spectra are shown m Fig. 1 . 

To further confirm the identity d* 111 and 
H 11, a powder sample in the oxide state was 
X-irradiated near 77®K and transferred to 
the resonance cavity without experiencing 
appreciable warming. As was earlier reported 
for single crystals [12], HI and f were 
observed which converted to HII and 111 


as soon as the sample had been exposed to 
room temperature. 

In addition to the defects described above, 
at least three additional centers in appreciable 
concentrations have been observed in 
powders. These are labelled V, VI and H V 
and their resonance parameters are included 
in Table 2. By a suitable water vapor treat- 
ment the H V center has been reproduced in 
single crystals. The parameters for this center 
are extremely close to those for H 11, except 
that the hyperfine interaction is with only one 


HR 



Fig. 1. EPR spectra of X-ray induced defects in single crystals and powders of F-apatite. 
(a) Single crystal line positions of 11 and 111 with H l r-axis and H || c-axis. (b) Single- 
crystal spectrum of H 11 with H 1 f -axis. (c) Powder spectrum of II and V in the vacuum 
state (d) Powder spectra of H II and H V. (e) Powder spectra of H II and HI in the oxide 
stale. These spectra are all recordings of the dispersion derivative. Due to long relaxation 
limes, the centers near g = 2 are recorded out-of-phase. 
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fluorine nucleus and is somewhat smaller. 
The defect which we believe responsible 
for the H V spectrum will be discussed later 
in this paper. 

The ^-values of the V and VI centers are 
very close to the free electron i?-value. 
Although g-shifts and hyperfine splittings are 
extimated they are quite tentative since these 
parameters are quite small and there is a real 
possibility that one or both centers are in 
fact composite. These spectra have not been 
seen in single crystals. The absence of 
observable V and VI spectra in F -apatite 
powders into which we have introduced oxide 
impurities, as described below (see sample 
FA-43, Table 3) suggests that the failure to 
see these spectra in single crystals may be 
due to the high concentration of these im- 
purities. The defects responsible for these 
spectra are, at present, unknown, and shall 
not be considered further in this paper. 

Table 3. Molar concentrations (ppm) of 
paramagnetic defects in various states of 
F-apatite after X-ray irradiation 

Sample State 11 111 V VI Hll HV 

FA-O Virgin 2 0*2 

FA-45 Vacuum*"* 25 80 

FA-40 Hydroxide*** 3 90 I 0-5 

FA-43 Oxide*''* 10 90 50 6 

FA-48 Hydroxide*-** 1-5 60 2 3 


*“*Saniplc FA-0 fired 16 hr at 1 000“C in vacuum. 
***Sample FA-0 fired 16 hr at 1000*C in argon saturated 
with water vapor at room temperature. 

‘"‘Sample FA-4() refired 16 hr at lOOO^C in vacuum. 
‘'^‘Sample FA-43 retired 16 hr at 1000®C in wet argon. 

CHEMICAL MODIFICATION OF F-APATITE 
The sample of F-apatite powder was 
placed in a platinum boat within a quartz 
container and heated to 1000°C in the 
presence of one of two ambients. The first 
ambient was a vacuum, although it was 
observed that equivalent results could be 
obtained by substituting a flowing stream of 
high purity argon. The second ambient 
consisted of a slow stream of argon which was 


saturated with water vapor at room tem- 
perature. 

Initial heating of a F-apatite sample under 
either of these conditions produced irrever- 
sible changes in the sample. Combinations of 
treatments produced further changes. In all, 
three states of the F-apatite could be produced, 
in addition to the virgin (initial) state of the 
powder. These three modified states of F- 
apatite will be referred to as the vacuum state, 
the hydroxide state, and the oxide state for 
reasons which will become evident shortly. 
These states are characterized by their 
ultraviolet and i.r. optical absorption, by 
their fluorescence, and by the nature and 
concentration of color and paramagnetic 
centers produced upon X-ray irradiation. 
The treatments necessary to arrive at any 
of these states are summarized in Fig. 2. 



Fig. 2. Chemical treatments of virgin F-apatite powder 
at 1000®C required to produce each of the three states 
referred to in the text. 

1. The virgin State 

Before F-apatite powder is subjected to 
any of the heat treatments, its diffuse reflec- 
tance is greater than 0*90 (Fig. 3(a)), although 
there is evidence of some absorption near 
250 nm and 190 nm. Infrared absorption 
measurements from 4000 to 650 cm"^ show 
strong bands below 2500 cm~* due to the 
P 04 ^'' vibrations and weak sharp bands at 
3540 and 745 cm'’ arising from the substitu- 
tion of hydroxide for fluoride ions as we 
shall discuss shortly. Six other very weak 
bands not intrinsic to F-apatite are seen. 
Three of these appear to be due to CO/~ ion 
vibrations, but the origins of the others are 
not known. When such a virgin state sample 
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is irradiated by X-rays, none of the defects 
listed in Table I are produced in any ap- 
preciable concentration, although weak epr 
signals for II and H II can be identified, as 
indicated in Table 3. A resonance signal near 
a ^'-value of 2 and about 15 gauss wide at a 
concentration of 200 ppm is seen only in F- 
apatite powder in the virgin state. Such a 
strong signal could mask weak III, V, or 
VI epr signals. The color center which corre- 
lates with the epr II spectrum can be seen as 
small reflectance minima at 450 and 370 nm 
(Fig, 4(a)). Both bands are due to the same 
color center, since the absorption is 
dichroicfl 1, 12]. 

In summary, both optical and epr spectra 
indicate the presence, in low concentrations, 
of hydroxide and carbonate impurities, some 
unknown impurities or defects, and two of 
the defects listed in Table I. In the next three 
subsections we show that the various chemical 
treatments outlined in Fig. 2 cause very 
marked changes in the optical and epr 


spectra, and that these changes can be under- 
stood in terms of modifications in the com- 
position of the F-apatite. 

2. The vacuum state 

After the powder has been heated in a 
vacuum there are changes observed in the 
optical and epr spectra which can be under- 
stood in terms of the chemical reaction: 


where refers to a vacant Ca ion site. 
Although no effects are observed which can 
be ascribed to a loss of Ca, recent work, to 
be published, indicates that in Cl-apaiite, 
both Ca and Cl ion vacancies are created 
by a vacuum anneal. 

In this slate there are no changes in the 
diffuse reflectance spectrum until the sample 
has been X-irradiated. After X-irradiation, 
strong minima in the diffuse reflectance are 



a 


o?i 


C I- 

I 

0 ,i 

180 20Q 220 


L- a_j ^ — < — L . 1 I L 1 . I 

240 260 280 300 320 340 360 360 400 

WAVELENGTH (nm) 


hg 3. (a) [Old'll sc rellectancc Spectra of r- -apatite powdei as made 
hy solid phase reactions, (b) after heating for 16 hi at lOOOT in argon 
satuiated with water vapor: and (c) after heating 16 hr at 1 l(K)°C in 
argon saturated with water vapor. 
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Fiy. 4. Diiruse reflectance spectra of h'-apaiile X>ray irradiated at loom temperature 
for 3t) mm. (a) virgin f'-apati1c: (b) K-apatitc heated 16hr at KUMrC.' in vacuum: and 
(c) F-apatite heated 16 hr at lOOirC in argon saturated with H.j at room temperature. 


seen at 450 nm and at 370 nm (Fig. 4(b)). 
Examination of the sample in the epr spectro- 
meter reveals that the concentration of the 
1 1 center has increased about a factor of ten 
as shown in Table 3. Thus, the defect labelled 
in Table I is supported by the chemistry 
of this experiment. Since no foreign impurities 
are introduced in the vacuum anneal, the 
observed epr and optical spectra arc asc rib- 
able to a native defect. CaF^ is probably the 
most volatile component of F-apatite, and the 
defect was already known to be on a F site 
[12]. The epr signal V is also observed, but 
as already discussed, the defect responsible 
for this spectrum is unknown. 

3 . The hydroxt tie sta te 
After heating a virgin or vacuum state 
sample of F-apatite in a flowing stream of 
argon which had been saturated with water 
vapor at room temperature, changes are 
observed in the u.v. and i.r. optical absorption. 
These changes can be explained by the 
chemical reaction 

Cai«(P04)5F2 + 26 H 2 O 

^Ca,,(POj,;(OH)i^F2n-.) + 2€HF (2) 

where (OFI)'^ represents a hydroxyl ion im- 
purity replacing a F ion. The liberation of HF 
was detected analytically by passing the exit 


gas through a dilute alkali solution. Reactions 
of this type have been studied previously 
[8,17,18], but no optical or magnetic pro- 
perties have been reported. 

The diffuse reflectance in the vicinity of 
190 nm is decreased as shown in Figs. 3(b) 
and 3(c). In Fig. 5 is shown the infrared 
optical absorption of F-apatite after heating 
in water vapor. The sharp band at 3540 cm 
(2-83 )n) with a half width of 1 0 cm ' is due 
to the 0-FI stretching vibration. It is seen 
at 3560cm-' in Ca5(P04)-,0H [19], and at 
3700 cm-' in the free OH radical [20]. The 
small differences in the vibrational frequency 
of OH observed in various solids has been 
taken as an indication of H bonding to neigh- 
boring ions [21]. This same band is also seen 
in F-apatite crystals grown from a CaF^ 
flux and the absorption has been found to 
occur only for incident radiation polarized 
parallel to the c-axis. This is as expected for 
a molecule with Cx, symmetry, with its 
rotational axis parallel to the c-axis of the 
apatite crystal and is in accord with the dis- 
position of the OH groups in Ca 5 (P 04 ):, 0 H 
as determined by neutron diffraction [3], The 
sharp absorption band at 745 cm-' (13-4/i), 
seen in Fig. 5, is most probably due to a 
librational mode of the hydroxyl ion. It was 
found that for any one sample the peak ab- 
sorbance values of the 3540 cm“' and 
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Fig 5. Infrared absorption of F-apatilc healed for 1 6 hr ai lOOU^C in argon 
saturated with water vapor. The OH vibrational and librational bands are 
marked The other labeled absorption bands are due to P 04 vibrations 


743 cm ‘ bands were the same within experi- 
mental error. By using D 2 O instead of H 2 O 
the 3540 cm'^ band shifted to 259K cm'*. The 
ratio of observed frequencies, 1-363, is in 
good agreement with the expected value of 
1-372 calculated from the reduced masses. 
The 745 cm"* band could no longer be seen 
alter heating in D 2 O, since the decrease in 
frequency would place the band in the region 
of strong intrinsic absorption. 

By comparing the maximum absorbance 
in the i.r OH bands with the absorbance 
of the intrinsic band at 1990 cm"* (the struc- 
tured absorption between 1 990 and 2060 cm"* 
is due to the Aj-f 7.^ iv^) combination vibra- 
tion of the POv*" ion) errors due to differences 
in sample preparation could be minimized. 
The ratio of the average of the peak absorb- 
ances at 3540 cm"‘ and 745 cm"* to that at 
1990 cm"* can be taken as a measure of the 
(OH)“ content in F-apatite. In Table 4 this 
ratio is given in the third column. To be 


compared is sample FA-40 with FA-0 and 
FA-45. The increase in i.r absorbance and 
decrease in far u.v. reflectance in going from 
the virgin or vacuum state to the hydroxide 
state is obvious. 

In order to get more quantitative data on 
the relation between the ultraviolet reflec- 
tance, i.r. absorption, and the hydroxyl 
ion content, four samples were fired at lOOOT 
in flowing argon saturated with water vapor 
at room temperature for varying periods of 
time. The results are given in Table 5. The 
relative i.r. absorbance increases with 
increasing firing time in water vapor. From the 
measured diffuse reflectance at 190 nm, the 
product of the absorption coefficient and par- 
ticle diameter were calculated using Johnson *s 
analysis [22]. Aside from the approximations 
inherent in the theory, there are several ex- 
perimental sources of error contributing to 
the uncertainty of the values listed in the 
third column. The atom fraction of missing 
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Table 4. Optical properties off -apatite in various states 


Sample 

State 

Relative i.r. 
absorbance^’' 

Relative diffuse 
reflectance 

190 nm 250 nm 

Fluorescence 

FA-0‘^' 

Virgin 

0-6 

090 

0-96 

No 

FA-45 

Vacuum 

0*0 

0>B8 

0*96 

No 

FA-40 

Hydroxide 

2-6 

0'68 

•95 

No 

FA-43 

Oxide 

0'5 

0-15 

•19 

Yes 

FA-48 

Hydroxide 

3-1 

0-56 

•94 

No 


<«>Average value of absorbance at 3540 and 745 cm“‘ divided by absorbance 
at 1900cm^‘. 

‘®*See Table 3 for sample treatments. 


Table 5, Correlation of the Lr. absorption^ u.v. reflectance and fluorine content in 


¥ -apatite 


Firing time 
(hr) 

Relative i.r. 
absorbance'"’ 

A 

Particle diameter 
times absorption 
coefficient at 

190 nm“^’ 

B 

Atom fraction of 
missing fluorine'''' 

C 

Value of A/C 

Value of B/C 

8 

2-0 

0020 

012 

17 

017 

16 

2-6 

0 030 

014 

19 

0-21 

32 

2-9 

0037 

0-18 

16 

0-21 

64 

4-0 

0 069 

0-24 

17 

0-29 


‘"•Average value of absorbance at 3540 and 745 cm"' divided by absorbance at 1990 cm"'. 

‘^•Calculated from measured diffuse reflectance by taking 0-9 for the reflectance of MgO (see Cbapalite 
section) and using the equation given by Johnson[22] for a powder with a refractive index of 1 -63. 

“^Calculated from fluorine analysis. The analysis was kindly performed for us by the Analytical Group 
of the Lamp Metals and Components Department. Lamp Division, General Electric Co.. Cleveland, Ohio. 


F ions was determined by chemical analysis 
of the fired samples, for fluorine. The relative 
constancy of the values in the fifth column 
indicates that F ions are replaced by OH 
ions and allows a determination of the OH 
content in other samples from infrared absorp- 
tion data. From the integrated absorbance (ex- 
pressed in cm“^) under the 3540 cm“* band 
and the OH ion concentration (in cm'^0, 
the computed value of the integrated absorp- 
tion coefficient per OH ion is 6*0 ± 0-7 x 10“''* 
cm. This is 3-3 times larger than for the OH 
ion in KCI[23]. The values in the last column 
are not constant, possibly due to the errors 
involved in calculating the values of B. There 
is, however, qualitative agreement between 
the OH content and the u.v. absorption near 
190nm. 


For the hydroxide state the diffuse reflec- 
tance spectrum after X-ray irradiation is 
similar to that of F-apatite in the virgin state 
(Fig. 4c). The epr spectra (Table 3) of hydrox- 
ide state F-apatite show no large concentra- 
tion of any of the paramagnetic defects given 
in Table 1. The 11 center is present in about 
the same concentration as in the virgin state. 
The H II spectrum which is attributed to an 
O'^ defect appears at a low concentration of 
1 ppm, a concentration slightly greater than 
that in the virgin state. The H V spectrum in- 
creases from 0-5 to 3 ppm with increasing 
firing time. The HI spectrum is not observed, 
although a low concentration would be hidden 
by the intense VI spectrum. 

In summary, we conclude that heating flora- 
patite in an ambient containing water vapor 
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results in the replacement of some of the 
fluoride ions by OH ions in accord with equa- 
tion (2). This conclusion is based on the 
observations that fluorine is detected in the 
exhaust gas, that OH vibrational and libra- 
tional absorption bands appear at 3540 and 
745 cm"*, that in single crystals these i.r. 
absorption bands occur only for incident radia- 
tion polarized parallel to the c-axis, and that 
there is a linear relationship between the i.r, 
absorbance of the OH ions and the missing 
atom traction of fluoride ions. The decrease in 
reflectance observed near 19()nm after heat- 
ing in water vapor indicates the presence of an 
absorption band which may be due to the 
(OH)'* defects. An absorption band at 204 nm 
in KCI has been attributed to OH impurities 
whose vibrational absorption is observed at 
357()cm >(2'8/x)|23|. 

4. ! he (KxiJc.sUiic 

f he oxide stale of I -apatite is produced by 
subjecting a sample in the hydi oxide state to a 
vacuum heat treatment or by heating sueh a 
sample in a stream of dry inert gas such as 
argon. In going from the hydroxide to the 
oxide stale very marked changes arc observed 
in the u.v. reflectance, the i.r. absorption, and 
in the reflectance and c/a spectra after X-ray 
irradiation, fhese observed changes are 
reversible and are consistent with a predomin- 
ant chemical reaction 

11,0 

C'a„(P()d,(),-V,‘l‘',H tH,,0. (3) 

As discussed below, the experimental evi- 
dence suggests that the oxide ion impurities 
and vacancies are present both as isolated 
defects at P-siles and as associated defects. 
In addition, as discussed in the next section, 
oxide ions might reside next to residual OH 
ions which could explain the new paramagne- 
tic center, HV, which appears after X-ray 
irradiation. The oxide state of F-apatite could 
not be produced by firing virgin F-apatite 


directly in oxygen gas for 16 hours at 1000®C. 
Under these conditions, oxygen behaves as an 
inert gas. The existence of mixed fluor-oxy- 
apatites has been suggested by Bredig ei aL 
[24] but no properties of these materials were 
given. 

In the u.v. an extremely strong broad 
absorption band appears at 250 nm and the 
absorption near 190 nm is greatly increased as 
shown in Fig. 6. Concurrently, the optical 
absorption due to the OH vibration and libra- 
lion is reduced several fold from its value in 
the hydroxide state of F-apalite. These effects 
are illustrated by the data given for sample 
FA-43 in Table 4. 

It was also found that excitation within the 
strong 250 nm absorption produced red fluo- 
rescence. The fluorescence spectra taken at 
77°K and at room temperature are shown in 
}'ig. 7. The excitation spectrum at room 
temperature of this fluorescence was found to 
consist of a broad band peaking near 250 nm. 

Upon X-ray irradiation of F-apatite in the 
oxide state several defects already studied in 
single crystals arc seen for the first time in 
appreciable concentrations; namely, the de- 
fects listed in (able I whose labels are 
(0-V-V)'^ and (0-V-V) . The diffuse re- 
flectance spectrum (Fig, 8) clearly shows (he 
bands at 6 1 0 and 760 nm attributed to 
(O-V-V) and (0-V-VF, respectively, as 
well as the band at 450 nm duo to The 
band at 35(1 nm is a composite one and is due 
to the fact that the absorption of the color 
centers is dichroic[I I, 121. In going from the 
hydroxide to the oxide state, the epr data in 
Tabic 3 (compare samples FA-40 and FA-43) 
show a very large increase in the intensity of 
the III spectrum attributed to (0-V-V)‘* as 
well as the H 1 1 spectrum attributed to 0“- The 
H V spectrum and the 11 spectrum which we 
have attributed to (O-OH)” and to V*' centers 
also increase in intensity. The V and VI spec- 
tra are not observed. 

Upon retiring oxide state F-apalile in water 
vapor, the u.v. and color center reflectance, 
the i.r. absorption spectra, and the epr 




forl6hr 10<)0°C for 1 6 hr: Ui) room temperature, (b) 77®K. 
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Ftg 8, DifFii’iC reflectance, after X-ray irradiation, of F-apatile fired for 
16 hr at lOCO'^C in argon saturated with HgO vapor at room temperature 
and then refired for J 6 hr at J OOOT in vacuum. 


spectra (with the exception of the H V spec- 
trum) all revert to those characteristic of the 
hydroxide slate. The red fluorescence also 
disappears. These effects are tabulated in 
Tables 3 and 4 where samples FA-48 and 
FA-40 are to be compared with sample 
FA-43. The reversibility of the reaction as 
given by equation (3) is therefore reflected in 
the reversibility of the optical and epr spectra. 

The decrease in intensity of the OH vibra- 
tional absorption in going from the hydroxide 
state to the oxide state and its reversibility 
upon retiring in water vapor strongly suggests 
the formation of oxide ion impurities at fluo- 
ride sites. This is supported by the observa- 
tion that mixed calcium fluor-oxy-apatites of 
composition Ca,o(P 04 )fiOj.F 2 (i_j.) could be 
synthesized directly by a solid phase reaction 
from CaHP 04 , CaCO:i, and CaFj. The strong 
optical absorption at 250 and 190nm was 
observed in these synthetic samples and the 
absorption was found to increase with in- 
creasing values of x. These samples were also 
fluorescent and became strongly colored under 
X-ray irradiation. We might also note that 
oxide ion impurities in KCl have been shown 
to absorb in a band at 2 10 nm[25]. 

Most significant as we have seen, is the 
marked appearance of several color and para- 


magnetic centers in F-apatite when it is in the 
oxide state. The models for these centers 
given previously [12] involve either electrons 
or holes trapped at isolated oxide impurities 
or at oxide ion-fluoride ion vacancy associates 
and are therefore supported by the chemical 
and optical data. The strong ultraviolet absorp- 
tion and associated fluorescence found in 
oxide state F-apatite is also most likely due to 
defects containing oxygen. However, as dis- 
cussed in the next section, we cannot, at this 
time , identify their structure with an y certainty. 

CHEMICAL MODIFICATION OF F-APATITE 
SINGLE CRYSTALS 

The H V paramagnetic center observed in 
polycrystalline F-apatite had not been pre- 
viously seen in F-apatile single crystals 
grown either from the melt or a CaF 2 flux, [t 
was of some interest, therefore, to obtain, by 
suitable chemical treatment, F-apatite single 
crystals containing a high enough concentra- 
tion of H V centers that their point-symmetry 
and hyperfine interactions might be studied by 
epr and Endor techniques. 

F-apatite single crystals which had been 
grown from the melt[10] were healed for 
several days at 1000®C in water vapor. Upon 
X-ray irradiation of these treated crystals, it 
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was quite evident that the crystals were no 
longer homogeneous. Diffusion fronts, evi- 
denced by regions of different color (after 
X'fay irradiation) were easily seen. The fast 
direction for diffusion was parallel to the c- 
axis of the crystal. As indicated in the intro- 
duction, the crystal structure of F-apatite is 
such that diffusion would be expected to 
occur relatively easily along the fluoride ion 
chains parallel to the c-axis. These crystals did 
contain, however, an easily measurable 
concentration of H V centers. The resonance 
parameters were measured and are summar- 
ized in Table 2. Measurements at intermediate 
angles of the magnetic field agreed with a model 
of a hyperfine interaction with one fluorine 
nucleus. An Endor experiment which would 
have verified that the nuclear interaction was 
with a fluorine nucleus was unsuccessful. As 
already noted, this resonance with H 1 c and 
with H II c has been seen in polycrystalline F- 
apatite in the oxide state and at a somewhat 
lower concentration in the hydroxide state 
formed from the oxide state by heat treatment 
in water vapor. That the H V center contains 
an oxide ion seems most reasonable from the 
chemical methods needed to produce it. From 
the fact that it is not observed in as-grown 
crystals but only after treatment in water 
vapor, from the similarity of the epr para- 
meters to those of the H II center (Table 2) 
and from the observation of hyperfine inter- 
action with only one neighboring fluoride ion, 
we suggest that the most likely crystalline 
defect, which upon X-ray irradiation yields 
the H V center, is an (O-OH)" associated 
pair lying in the F ion chain. This defect has 
the proper charge state to trap a hole thus pro- 
ducing the paramagnetic center (O-OH)®. The 
trapped hole would have the same electronic 
configuration as in the H II center but would 
be in a slightly different crystalline field and 
exhibit hyperfine interaction with only one 
fluorine. 

Another question of interest is the identifi- 
cation of the defect responsible for the strong 
absorption at 250 nm. We therefore looked, in 


single crystals, for a correlation between 
changes in the intensity of the optical absorp- 
tion band near 250 nm and changes in the 
concentration of various oxygen-containing 
defects upon X-ray irradiation and subsequent 
annealing. If the defect responsible for the 
absorption is simply converted into one of the 
paramagnetic or color centers by capture of a 
charge carrier produced by the X-rays, then a 
decrease in absorbance should be observed 
which is proportional to the increase in con- 
centration of that particular center. The re- 
verse should be true during the annealing out 
of the paramagnetic and color centers either 
thermally or by exposure to 365 nm radiation. 

The melt-grown crystal examined for any 
such correlation exhibited a very strong 
dichroic absorption band peaking near 260 nm 
and contained the defects 0", (0-V-V)^, 
and quite probably (0-V)®. By grinding and 
polishing a thin enough sample the absorbance 
near 260 nm could be measured. The tech- 
niques for measuring the absorption coefficient 
using polarized incident radiation have been 
described in an earlier paper [12]. The shape of 
the absorption band is shown in Fig. 9 for 
both polarized and unpolarized radiation. The 
unpolarized curve is in good agreement with 
the diffuse reflectance curves for oxide-state 
F-apatite powders, and we shall assume that 
they arise from the same defects. The shape of 
the band for radiation polarized parallel to the 
c-axis is Gaussian with a width at half- 
maximum intensity of 0-77 eV at room tem- 
perature. Upon X-ray irradiation, the shape of 
the band did not change detectably but its 
intensity decreased. Upon annealing, after 
X-ray irradiation, the intensity increased again 
and after a complete anneal of the X-ray in- 
duced centers the optical absorbance could be 
brought back to its initial value. 

The concentration of O® centers after X-ray 
irradiation or annealing was determined by 
measuring the strength of the H 1 1 signal as 
described earlier. The measurements of the 
intensity of the color center absorption bands 
at 610 nm and 760 nm using incident radia- 
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WAVELENGTH (nm) 



I If' 9. Optical absorption spectrum of a melt grown K- apatite 
single crystal at room temperature 


(ion polarized parallel to the r-axis gave a 
measure of the coneenlration of the (0-V-V)~ 
and (0-V-V)‘* defects, respectively. 

Although the absolute concentration of the 
optical and cpr centers were of the same order 
of magnitude, the data taken after many X-ray 
irradiation and annealing cycles failed to in- 
dicate any simple correlation between changes 
in the intensity of the 250 nm absorption band 
and changes in the concentration of the 0‘\ 
(0-V“V)^‘or(0-V-V} defects. We conclude, 
therefore, that the defect responsible for the 
250 nm absorption band in oxygen doped 
F-apalile powders is neither O nor(O-V-V)^ 
(assuming that the only other charge states 
give rise to the two color centers). Since there 
is evidence that the defect (0-V (assumed to 


be responsible for H I) does not change its 
charge state upon X-ray irradiation at room 
temperature [12], one may also conclude that 
this is not the defect responsible for the u.v. 
absorption. One cannot rule out the possibility 
that the absorption band is a composite one, 
although the half width of the band did not 
change by more than ±5 per cent throughout 
the series of treatments. At present, therefore, 
we do not have a model for the defect respons- 
ible for the ultraviolet absorption and con- 
current red fluorescence in oxide slate 
F-apatite. In 'Fable 6, which summarizes the 
various defects observed in polycryslalline 
F-apatite we have labelled the defect respon- 
sible for the strong absorption at 250 and 190 
nm and for the red fluorescence by the symbol 
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Table 6. Summary of defects seen in polycrystalline F-apatite^^^^ 


Defect 

Optical absorption bands 

EPR label 

Slate 

iOHf 

< 190 nm 

3540. 745 cm^' 

none 

Hydroxide 

Ox"' 

250 nm 
< 190 nm 

none 

Oxide 

0“ 


H II 

Oxide 

v<> 

450'''’ nm 

11 

Vacuum. Oxide 

(0-V-V)‘' 

760"” nm 

III 

Oxide 

(0-V-V) 

6 KV'” nm 

none 

Oxide 

(0-OH)« 


H V 

Oxide, Hydroxide 


^"The first two defects are seen in E-apatite at'tei suitable chemical treat- 
ments, The icmaining five defects are color and paramagnetic centers and can 
be observed only after X-ray irradiation of the treated samples. 

•''There are additional hands in the vicinity of 350-370 nm due to excitation 
to higher excited levels of the defect. 

‘"’See section of text entitled ('hemical Modification of I- -apatite single 
crystals. 


Ox (suggesting some presently undetermined 
relation to the presence of oxygen at the 
fluorine site). 

CHEMIC AE MODlMCAilON OF 

POLYCRYSTALLINE Cl-APATITE 

The diffuse reflectance spectra of virgin 
slate Cl-apalile powders exhibit strong re- 
flectance minima at 190 nm as previously 
described by Johnson! 10], We found that 
firing in a stream of anhydrous HCl al 100(TC 
for as little as one hour gave a material which 
below 240 nm is a better diffuse reflector than 
MgO smoked on a MgCOj backing. The 
diffuse reflectance of such a treated sample of 
Cl-apatite is shown in Fig. I()(a). No changes 
were observed upon heating such a sample 
either in vacuum or in dry argon, h was not 
possible to treat F-apatitc similarly by healing 
in an HF atmosphere, since decomposition of 
the F-apatile was found to occur probably 
through the formation of gaseous POF;^. 

When Cl-apatite, which had been previously 
treated with HCl was retired at i()0(TC in wet 
argon for several hours, it exhibited a signi- 
ficant decrease in diffuse reflectance below 
240 nm as shown in Fig. 10(b). Retiring this 
material again in HCl resulted in a diftuse 
reflectance curve identical to that in Fig. 


10(a). Retiring a water vapor fired Cl-apatite 
in vacuum or in an inert gas at lOOOT for 16 
hours resulted in strong absorption below 
about 320 nm as shown in Fig. 10(c). Orange 
fluorescence (Fig. 1 1 ) was also observed when 
this sample was excited within this absorption 
band. Finally, the reflectance shown in Fig. 
10(c) could be reversed to that in Fig. 10(b) 
by water vapor firing or to Fig. 10(a) by HCl 
firing. Concurrently the orange fluorescence 
disappeared. The changes In optical properties 
of (^-apatite following a high temperature 
firing in water vapor, or in water vapor fol- 
lowed by vacuum are thus very similar to 
those found in F-apatite. Although differences 
were observed in the coloration of the differ- 
ent samples of Cl-apatite upon X-ray irradia- 
tion, no studies of color or paramagnetic 
center formation were made since very little is 
known about these defects in this material. 
Strong OH vibrational bands at 3590 cm”' 
(2*78 jut) and a weaker one at 3500 cm”' 
(2-86 /jt) were found, however, in water vapor 
fired Cl-apatite. These OH bands were re- 
moved by HCl firing. 

Jn analogy with F-apaiite, we can designate 
Cl-apatile having the u.v. reflectance shown in 
Fig. 10(a) as virgin stale; that shown in Fig. 
10(b) as hydroxide slate; and that shown in 
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after heating at lOOCC for 1 hr in a stream of anhydrous HCl; 

(b) sample (a) after reheating for 8 hr at 1000°C in argon satur- F*8 * * • Fluorescence spectra of Cl-apatite after heating 

ated with water vapor; and (c) sample, (b) after reheating at for 8 hr al IOOO®C in wet argon and then in a vacuum at 

lOOOX for 16 hr in vacuum. lOOO'^Cfor 16 hr: (a) room temperature; (b) 77*K. 
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10(c) as oxide state. The various chemical 
reactions occurring in Cl-apatile may, there- 
fore, be summarized 

Virgin state ^ hydroxide state 
Ca,o{P04)6Cl2+2€H20?± 

Caio(P 04 )g(OH) 2 <Cl 2 (i-e) T 2€HCI 
Hydroxide state ^ oxide state 

vac. 

Caio(P04)fl(OH)2eCl2(i_e) 4=^ 

Caio(P04)60f V^^Cl2(i-«)+ eH20 
Oxide state virgin state 
Ca.o(P04)60rV/CU(,-.) + 2€HCl 

Cajo(P04)6Cl2 + cH20. 
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FLUORESCENCE OF Nd'^+ IN LITHIUM 
YTTRIUM FLUORIDE* 

A. L HARMERt, A. LINZ and D. R. GABBE 
Center for Materials Science and Engineering and Department of Electrical Engineering. 
Massachusetts Institute of Technology, Cambridge, 02 1 39, U.S.A. 

{Rcreived25 November 1968) 

Abstract- Crystals of the schcelile structure fluoride LiYh^ have been grown doped with 0-24. 1*4 
and 2 2 at. per cent Nd^^. The polarized fluorescence and absorption, excitation spectra, lifetime 
decay and linewidths have been measured at IV and 300®K. The optical data of LiYF^iNd'^^ have 
been compared with data on the isomorphous oxide CaWO^iNd'^. The spectroscopic features of 
LiYF^:Nd'*^ are: a long lifetime of 500 usee which decreases rapidly with increasing Nd-concentra- 


tion; a narrow Imewidth of 2 cm"' at 77°K; and a 
have been related to its potential as a laser material 

1. INTRODUCTION 

It is well known that CaW04 (scheelite) is 
a good laser host for the trivalent rare earth 
ions. Lasers based upon the fluorescence of 
trivalent neodymium are of special interest 
because the Nd^^ ion has a large terminal to 
ground state splitting of approximately 2000 
cm ‘. Therefore Nd*'^^ ions can be operated 
in ‘four-level laser mode' having relatively 
low thresholds, which implies that continuous 
operation -of such a laser is feasible. I<aser 
action based upon the fluorescence of Nd^"^ 
was first observed in a calcium tungstate 
host[l|, and Nd^'^-doped CaWOj also served 
as the first continuously operated solid state 
laser|2]. Thus, it appeared interesting to 
examine the fluorescence of Nd^'^ in other 
compounds having the scheelite structure, 
since such studies might suggest new laser 
materials. 

For this study lithium yttrium fluoride 
(LiYF4) doped with Nd'*^ has been selected. 
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high absorption in the near infrared. These factors 

This compound is isomorphous with CaW04 
[3j, with yttrium corresponding to calcium, 
lithium to tungsten, and fluorine to oxygen. 
7'he two lattices have similar cell dimensions: 
for LiYF, a - 5-26 A, u = 10-94 A and 
for CaW04, a = 5-21A, C-1L43A. The 
substitution of yttrium by neodymium in 
LiYF4 should be accomplished easily, since 
the radii, chemical and physical properties 
of the two ions are very similar. In the case 
of CaWO^, the substitution of by Nd^^ 
requires some form of charge compensation 
[4]. This produces a distortion of the crystal 
field around the ions, which results 

in shorter radiative lifetimes, broader line- 
widths and extra lines which appear in the 
fluorescent spectrum [5]. These effects, 
which usually have an adverse influence on 
laser performance, should be absent in 
Nd’'^^ -doped LiYF^. In this paper, the 
fluorescence, absorption and excitation 
spectra and lifetime decay of LiYF4:Nd‘'^'^ 
are presented and compared with data of 
CaW04:Nd'*^. These measurements have 
also been related to the potential of LiYF^; 
as a laser material. 

2. CRYSTAL GROWTH 

Crystals of LiYF^ doped with Nd^^ were 
grown from the melt in a helium atmosphere 
by a modified Czochralski method. The 
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phase diagram [3] for the system LiF-YF^ 
shows the compound LiYF 4 has a peritectic 
point at 49 mole% YFg and 819°C, and a 
eutectic point at 19 molc% YFg and 695°C. 
Starting materials were anhydrous YFg and 
NdFg (from American Potash and Chemical 
Corporation) dried in a hydrofluorination 
tube furnace, and LiF in the form of single 
crystal chips (from Harshaw Chemical 
Company). Melt compositions ranged from 
45 to 48 mole % total rare earth fluoride. A 
modified National Research Corporation 
Model 2804 pulling furnace was used. Details 
of the technique are described elsewhere 
[6]. Samples were grown with different 
Nd^^ melt concentrations of 5 , 2 and 0-5 at. %. 
The actual concentration of present in 
the crystals was found by spectrographic 
analysis to be 2-2, 1 *4 and 0*24 at. % respect- 
ively. Samples for spectroscopic measure- 
ments, measuring about I -5 cm cube, were 
cut from the boules and oriented by Laue 
back reflection photographs. 

3. EXPERIMENTAL RESULTS 
(A) Fluorescence spectra 

Continuous fluorescence was excited 
with light from a BH6 General Electric 
lOOOW mercury lamp filtered by a 10 cm 
thick saturated solution of CuSO^. Fluores- 
cent spectra were recorded with a Jarrell- 
Ash ^m spectrometer with a resolution of 
3 A, and a Gian prism was used to separate 
the different polarizations of the emitted 
light. The data were corrected for photo- 
multiplier response, grating efficiency and 
polarization effects. 

The near infrared emission spectra were 
examined in the two regions from 10,400 to 
10,800 A and from 8600 to 9100 A. These 
correspond respectively, to transitions from 
the ^Fg^ state to the and ground 
mulliplets. The fluorescent spectra at 77°K 
and 300®K are shown in Figs. J-4 for both 
polarizations: o--spectrum (E 1 c) and tt- 
spectrum (Enc). The axial spectrum was found 


to be identical to the cr-spectrum showing 
that all the transitions are electric dipole 
type. 



Fig. 1. Fluorescent spectrum of T 3 /J — ► transition of 

LiYF,;l-4al.%Ndat 77'^K. 



Fig. 2. Fluorescent spectrum of ^,,^2 transition of 
LiYF4:14at.%Ndat30(y’K. 
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Fjg. 3. Fluorescent spectrum ^^^2 transition of LiYF^: j -4 at. % 

Nd at ITK. 



Fig. 4. Fluorescent spectrum of ^F^^^ \it transition of Li YF 4 : 1-4 at. % 
Nd at 300“K. 


Lines appearing in the '‘Fjya ^ ^\ui 2 
spectra generally have a much greater inten- 
sity than lines in the '‘F 3/2 ^ \i 2 spectra. 
The strongest line at SWK occurs at 
9548 cm"^ The strongest line at 77°K occurs 
at 9497 cm^‘. At low temperatures a ‘satellite' 
line appears on either side of this line. With 
2*2 %Nd^^ doping the intensities of these 
satellites relative to the main line (9499 cm“*) 
at 20°K were 0-33 for the line at 9496 cm"' 
and 0*13 for the line at 9501 cm"*. The line- 
width of the main line at 9497 cm"* (a- 
polarization) decreases from 1 2 cm"* at 300®K 
to 2 cm"* at 77°K. The line shifts to higher 


energies by 3 cm * between 300° and 77°K. 
The linewidth does not seem to increase 
appreciably with increasing Nd doping 
concentration; it has the value 2*0 cm"* 
for 0*24% Nd^"*^ doping and 2*3 cm"* for 
2*2 %Nd''^ doping, at 77°K, 

In the ^F 3/2 ‘*Ij )/2 fluorescent spectra 

the lines at 11,599 and 1 1,538 cm"* are 
split into doublets. The splitting is larger in 
the TT-polarization, is independent of temper- 
ature and increases linearly with Nd doping 
concentration. The splitting is much larger 
than the splitting of the satellite lines, bdng 
20 cm"* for 2*2 %Nd doping. Some dGgnst 


m 
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of quenching of fluorescent emission was 
found to occur in the more heavily doped 
samples. The mean ratio of fluorescent 
intensity was found to be ! :4‘9:5*3 for 
0*24: ] -4; 2-2 %Nd doping concentrations. 

(B) Absorption and excitation spectra 

Polarized absorption spectra were recorded 
with a Cary i4R spectrophotometer. The 
absorption spectra for (r and tt polarizations 
at 3()()°K are given in Figs. 5 and 6. The level 
assignments have been made by comparison 
with the calculated 4P energy levels in the free 
ion|7,81 and the observed energy levels of 
Nd'*^ in CaW 04 | 9 ]. fhe strongest absorp- 
tion occurs in the near infrared in the groups 
and which 

are responsible for over 50 per cent of the 
total absorption. 

Excitation spectra were recorded with a 
modified form of the continuous fluorescence 
apparatus. I'he exciting light was obtained 
from an Orion lOOOW xenon lamp passed 
through a \ m Bausch and Fomb monochro- 
matoi (resolution 55 A). Repetitive scanning 
of the exciting source, and sampling with 
a lechnical Measurements Corporation 
CAI iOOO computer was used. The excita- 


tion spectra for the fluorescent line at 
9497 cm“* are given in Fig. 7. Considerable 
inaccuracy is present at the red end of the 
spectrum due to difficulty in normalization 
because of the structure of the xenon lamp 
output. Flowever, the curves show that the 
most efficient energy transfer occurs in the 
three bands in the infrared which are res- 
ponsible for 70 per cent of the total fluorescent 
emission. 

(C) Fluorescent lifetime 
Fluorescent lifetime decay under pulsed 
excitation was measured using a short light 
pulse from an E. G. and G. FX-33 xenon 
flashtube. Repetitive sampling employing a 
CAT 1000 computer was used to increase 
the signal-to-noise ratio. The variation of 
observed fluorescent lifetime of the ^Fa /2 
level with Nd concentration, for LiYF, :Nd'^^ 
at 77”K is shown in Fig. 8. The total error 
in each reading is ±1 per cent. The lifetime 
decreases approximately linearly with 
increasing Nd-doping concentration; from 
570 fiscc for 0-24% Nd'‘'^ doping to 420 jutsec 
for 2-2% Nd'^^ doping. The lifetime at 300°K 
was found to be the same at 77°K, except 
that the lifetime of the sample containing 



h'ly ^ Absorption spectrum for m-polarization of l,iYFi:2-2 at. % Nd at 
m°K. 
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Wavelength (A) 


Fi^! 6. Abiorption spectrum for 7r-poIarizalion of LiYF^:2-3ar. % Nd al 
30(rK, 



Fig. 7. Excitation spectra of 9497 cm Mme in L 1 VF 4 : 1-4 at % Nd 


2-2% Nd'^^ was longer at 300°K {440 //sec) 
than at 77°K{420//sec). Figure 8 also shows 
the variation of lifetime for CaW04;Nd’^^; 
Na+ [ 1 0] and LaF, : Nd'^" [ 1 1 ]. at 77°K. 

4. DISCUSSION 
Energy level diagram 

The similarity of the fluorescent spectra 
for CaW04:Nd’n9, I2J and LiYF^. Nd*'^ 


shows that the Nd‘*^ ion is present in the 
same environment in both lattices. Thus the 
crystal field splitting of Nd**^ in LiYF^ shown 
in Fig. 9. was derived by comparison with 
CaW04;Nd'‘M9. 12]. The splitting of the 
■^Fa/a level is temperature dependent, having 
the value 59*5 ±0*6 cm ^ at 77°K and 
54-8 ±0-6 cm”' at 300°K. The center of 
gravity of the term is situated I30cm“' 


s 
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L' I / ' 

fiui ‘lyiriiUfT' . tH tM'lrMfiuri ni g? 


f ig 8 Variation of fluorescent lifetime of ‘Fn/s level with 
Nd'*^ concentration for LiYF^- Nd'* ' , CaWO^ , Nd'‘M 1^1 
andl aF.rNd'MIJJal 7TK 


higher in LiYF^:Nci'*^ than in CaW04;Nd'^\ 
The total splitting of the and is also 
greater in LlYF^Nd'^^ but the splitting of the 
Ty/2 level is smaller. These results seem to 
indicate that the Nd'^^ ion in LiYF4 is situated 
in a stronger crystal field associated with 
the first coordination sphere of fluorine atoms 
around the Nd'‘^ ion, 



2 1 y I ■ . ■ ■ ■ 2,264 

* — ^ 1 — , . t 2,220 


1— r — I 1 , 2 079 
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Comparison with CaW 04 : Nd^"^ 

The fluorescent spectra of Nd®"^ in CaWO^ 
and LiYF4 are very siinilar[9, 12], Additional 
lines have been observed in the spectra of 
CaW04:Nd’*^ which vary in intensity in 
crystals with different charge compensation 
[13] and can therefore be attributed to a 
disturbance of the crystal field around the 
Nd"^^ ion by the form of charge compensation 
used. In CaW04:Nd'^^ the linewidths are 
considerably broader (5-3 cm“' at ITK) 
than in Li YF4 : and increase with 
increasing concentration [4]. This may 

be partly due to inhomogeneities of the 
crystal field produced by charge compen- 
sation, but may also be due to exchange 
effects. Further evidence for exchange 
effects is provided by the satellite lines which 
are observed at low temperatures around 
the main fluorescent line in LiYF4:Nd‘'*’^, 
These also occur in CaW04 : with rough- 

ly the same intensity, and have been shown 
to be a direct result of Nd-Nd interaction [4]. 
Concentration quenching of fluorescent 
emission may also be attributed to exchange 
interaction between the Nd^"^ ions. The 
splitting of the lines at 1 1 ,599 and 1 1 ,538 cm"’ 
in the fluorescent spectrum for 

LiYF^.Nd^' were also observed in Ca- 
WO4 : Nd’^^. These may possibly be due 
lo Nd-Nd interaction but the energy splitting 


affcruacdcra 
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Fig. 9. Observed fluorescence transitions of Nd’’'^ in LiYF 4 at 77°K. 
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of 20 cm“‘ is much greater than would be 
expected from exchange effects as indicated 
by the satellite lines. 

The absorption and excitation spectra 
show important differences between 
LiYF 4 :Nd 3 + and CaW 04 :Nd'^+. In CaWO^: 
Nd"*^ absorption in the near infrared is much 
weaker and the two bands '*l»/a 
‘H 9/2 and '‘I 9/2 '*F 7 / 2 , contribute 

only 30 per cent of the total absorption 
between 3000 and 9000 A. In UYF^iNd^^ 
these bands are much more pronounced 
and are responsible for over 50 per cent 
of the total absorption. In CaWO^iNd^^ 
the single group contri- 

butes over 40 per cent. These differences 
arc also exhibited in the excitation spectra. A 
comparison of the excitation spectra of 
UYF^iNd-'^ with CaWO^iNd'"' and 
YACi:Nd=^ni41 shows that YAG and 
LiYF, are alike since the absorption bands in 
the near infrared produce the greatest 
fluorescent output. In CaW 04 :Nd'^^ these 
bands are less pronounced and the broad 
absorption at 5800 A is responsible for the 
largest single contribution to the emitted 
fluorescence. 

The variation of lifetime of the excited 
Ty /2 state with neodymium dopl j concen- 
tration also shows important differences 
between LiYF 4 :Nd‘'' and CaW 04 :Nd•*^ 
The lifetime in LiYF 4 :Nd^^ is considerably 
longer than in CaW 04 :Nd^'^(IO] or in other 
scheelite structure oxides [15]. The rate 
of decrease with increasing Nd concentration 
is considerably greater in LiYF^ than in 
CaW 04 hut less than in LaF^. The decrease 
of lifetime in LaFg was explained by cross 
relaxation [II]. This mechanism may also 
account for the behavior in LiYF 4 , but a 
detailed analysis of all the levels of the ground 
multiplets is necessary to establish this argu- 
ment. The different lifetimes exhibited by 
these materials have an important effect on 
laser performance. A long lifetime is useful 
for 0 -switched laser operation but a rapidly 
decreasing lifetime for increasing Nd concen- 


tration implies that the performance declines 
rapidly at high impurity doping levels. 

Potential use as a laser material 

Consideration of the basic physical and 
optical properties of LiYF 4 :Nd^^ indicates 
its suitability as a prospective laser material. 
The host material is chemically stable and 
can be grown as rods of a reasonable length 
with good optical quality. The ion in 
LiYF 4 exists in a more homogeneous environ- 
ment than in CaW 04 . This gives rise to a 
narrower linewidth which should produce a 
lower value of threshold. The lifetime of the 
level is three times longer in LiYFVNd'^ 
than in CaWO^iiNd''^ which is a desirable 
feature in Q-switched laser operation. The 
heavy absorption bands in the near infrared 
should result in lower thresholds for 1 jYF 4 ; 
Nd'^^ with cw xenon or tungsten lamp pump- 
ing, whereas with a xenon flashlamp pulsed 
at high current densities a better spectral 
match would be obtained in CaWO,:Nd*^' 
due to heavy absorption at 5800 A. 

An estimate of the laser transition cross 
section was obtained by using a method 
employed by Neeland and Evtuhov[16]. In 
this method the radiative fluorescent lifetime 
for the laser transition is calculated from the 
total radiative lifetime of the fluorescent 
level and the branching ratio, i.e., the ratio of 
the photon rate for the laser transition only 
to the photon rale of all transitions origin- 
ating from either of the T 3/2 levels. For 
LiYF 4 : 2 - 2 % Nd'" at 300'‘K, the branching 
ratio determined from the fluorescent 
spectra for the line at 10,530 A was OT73. 
This gives a radiative lifetime for the laser 
transition of lllO/Ltsec. The laser transition 
cross section is given by 

(T = \^/47r^n^T/Ai> 

where X is the laser wavelength* n is the 
refractive index, ti is the radiative lifetime 
for the laser transition, and is the linewidth. 
Taking X = 10,530 A, n = 1*46 and = 12*5 
cm ’, the equation gives o- = 3 ’ 2 X 
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This is only an estimate, since the branching 
ration was determined neglecting transitions 
from ■’Fj/o to ttnd However, this 
should only affect the result by 15 per cent 
and the calculated cross section is probably 
accurate to within 30 per cent 1 1 7]. This 
estimated value for the laser transition cross 
section compares favorably with that of 
YAG1I7J (8*8X10 or Nd-doped 

glass 118J. All these considerations suggest 
that LiYF,:Nd’' should be a reasonably 
efficient laser material. 

Stimulated emission with pulsed optical 
pumping has been observed in laYl'VNd'^ 

1 191. Laser oscillations occur at 10.530 A 
({r-polan/alion) and 10,471 A (rr-polarization). 
These originate (Vom the lower and upper 
levels respectively of the ‘F^o state and 
terminate on the level at 2042 cm ‘ of the 
stale. These are also the strongest 
laser transitions in C aWO^iNd’^^ and termin- 
ate on the equivalent level situated at 
2016 cm ‘. Laser action in ('aWOjiNd'^* has 
been examined extensively, and both pulsed 
and continuous operation have been achieved 
1L2.9, 12J. Ihe preliminary laser measure- 
ments of LiYF4:Nd''MI‘^l although made on 
lightly-doped rods or specimens of poor 
optical quality, nevertheless indicate that it is 
a high-gatn material with a low threshold. 
However, it is difficult to compare the 
laser performance of LiYF4:Nd'‘' with 
C'aWO,; Nd’L since for a valid comparison 
the measurements must be made under the 
same conditions. 

Various possibilities can be suggested 
lor the development of other laser materials. 

I he presence of a trivalent site in the lattice 
allows the possibility of double doping with 
other rare earths. Energy transfer has been 
observed from Ce'* in CeF;d201, and 

thus it is possible that addition of to 
i.iYF, :Nd*'’ would produce enhanced 
emission. Other materials of the form LiMF^, 
where M is a trivalent rare earth, exist 13J. and 
investigation of these compounds doped with 
Nd‘^ might yield new laser materials. 


5. SUMMARY 

The absorption and emission spectra of 
LiYF4:Nd'’^ have been studied at 77'" and 
300°K and compared with corresponding data 
of CaW04;Nd'*\ which has a similar crystal 
structure. The near i.r. fluorescent spectrum 
corresponding to transitions from the '‘F3/2 
level to the ^L>^^ and '^ln/2 terms of the ground 
multiplel was used to determine the crystal 
field splittings of these terms. These results 
seem to indicate that the Nd'^^ ion is situated 
in a stronger field in LiYF4, Evidence of 
exchange effects is provided by concentration 
quenching of the fluorescent emission above 
I *4% Nd doping, and the presence of satellite 
lines. 

Several features of LiYF4: Nd'^^ indicate its 
suitability as a prospective laser material. A 
long lifetime (three times as long as that ob- 
served in other scheelites) was found for the 
fluorescent decay. I he linewidth of fluorescent 
emission is narrower in LiYF,|:Nd''^ than in 
CaWO,:Nd‘“' probably due to a more homo- 
geneous crystal field. The excitation spectra 
showed that a higher percentage of the output 
radiation in LiYF^iNd-^^ is derived from ab- 
sorbed energy in the strong absorption bands 
in the near infrared. An estimate of the laser 
transition cross section gave 3*2 x 10 
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VIBRATIONAL ABSORPTION OF CARBON 
AND CARBON-OXYGEN COMPLEXES IN SILICON 

R. C. NEWMAN and R. S. SMITH* 

J. J. Thomson Physical Laboratory, University of Reading, Berks,, England 
{Received 25 November 1968) 

Abstract- Vibrational absorption of isolated carbon and carbon-oxygen complexes has been studied 
in silicon containing various carbon isotopes. The energies of the isolated carbon fundamentals and 
second harmonics have been determined at 290® and 77®K and compared with the corresponding 
results for boron. The strength of the local mode absonjtion has been remeasured and the high value 
of 7},) 2-5e has been confirmed. A search has been made for band mode absorption due to carbon with 

essentially negative results; this fits in with current theoretical ideas on long range impurity induced 
polarization effects in silicon. 

Satellite lines near the carbon fundamental at 588, 640 and 690 cm”’ for and corresponding 
lines for and have been correlated in strength with satellite lines at 1104 and 1052 cm *. 

The latter lines show no splitting or broadening at 4-2°K when different carbon isotopes are present 
and it is concluded that they are due to vibrations of oxygen in a centre where the rotational motion 
is quenched Detailed models of possible C-0 pair structures are discussed and compared with iso- 
lated oxygen and Li-0 centres. It is concluded that the carbon atom in the pair probably occupies a 
second or third neighbour site to the interstitial oxygen. 

1. INTRODUCTION sorption was obviously present in the crystals 

In a previous paper [1], results were pre- containing carbon[l] although this region of 
sented for the infra-red absorption due to the the spectrum was not investigated in any 
localized modes of vibration of isolated carbon detail. 

impurity atoms in silicon single crystals. In the theory of Dawber and Elliott[4,5], 
The energies of the fundamental modes were the coupling of the one phonon spectrum to 
obtained for the three isotopes and the incident radiation is assumed to result 

at room temperature and 7TK and weak from a static charge on the impurity atom, 
second harmonics were observed for and For example, boron would be present as 
‘“T" at 63°K. A surprising result was the very B" ions in material compensated with an 
strong local mode absorption due to the equal concentration of a donor impurity such 
neutral carbon impurities, determined in as phosphorus. Clearly this theory is inade- 
samples containing radioactive This quate to explain the absorption arising from 
absorption was about five times greater than neutral impurities. Other recent theoretical 
that measured for B” ions in an equivalent models have taken into account charge shar- 
concentration in compensated silicon crystals jng between the impurity and its neighbour 
12]. In this latter material, appreciable ab- and polarization effects of the host lattice 
sorption also occurs in the band mode region [6-9]. These models give better agreement 
[2, 3] in qualitative agreement with the iheor- with experimental measurements of the 
etical predictions of Dawber and EIliotl[4, 5]: magnitude of the infra-red absorplion[8, 9] in 
in particular, there is a fairly sharp absorption samples containing boron and phosphorus, 
peak at an energy slightly less than that of the than the simpler theory of Dawber and Elliott. 
Raman frequency as well as other features |n addition, some consideration has been 
at still lower energies [2, 3]. No similar ab- given to the problem of absorption from car- 

*Now at Allen Clark Research Centre, The Plessey atoms[9]. In view of this current interest, 
Company Limited, Caswell, Towcester, Norihants. the Strength of the local mode absorption 
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bands due to carbon in silicon have been 
remeasured and a search has been made for 
band mode absorption, with particular 
emphasis on the region near the Raman 
frequency. 

Another previous resultll] was the observ- 
ation of a new absorption band at 1 104 cm' ^ 
(77°K) in samples which contained both 
carbon and oxygen. This band, which was 
tentatively ascribed to a vibrational mode of a 
complex involving the two impurities, has 
also been observed more recently by Pajot 
and Deltour[IO) in a detailed investigation of 
the structure of the 9fjL oxygen hand[l 1-14]. 
Although carbon was not detected spectro- 
scopically, chemical analysis of their samples 
showed it to be present in a high concen- 
tration. Modifications of the vibrational modes 
of an isolated oxygen atom are to be expected 
if a carbon impurity occupies a neighbouring 
site, thus providing a possible explanation of 
the observations. Similarly, modifications of 
the vibrations of the paired carbon atom 
would be expected and should lead to the 
formation of weak satellite lines in the region 
of the carbon local mode fundamentals. Ob- 
servation of such structure would then 
essentially confirm the existence of carbon- 
oxygen pairs. Absorption lines in this region 
have now been detected and correlated in 
strength with the line at 1104cm''. Con- 
sequently, a detailed discussion will be given 
for possible models of carbon -oxygen com- 
plexes. 

2. EXI'ERIMENTAf. 

2. 1 Description oj crystals 
The samples used in this investigation were 
kindly made available to us by the A.E. I. 
Central Research Laboratory and in some 
cases were the same as those used previously 
|1]. Pulled monocrystals doped with barium 
carbonate contained about HP^enr oxygen 
atoms and a variable concentration of carbon 
up to about 2xi0^**cm^ These crystals 
contained less than 3xl0‘‘*cm~'^ (limit of 
detection) of barium as determined by neutron 


activation analysis and had room temperature 
pdype resistivities in the range 5-50 ft cm. 
Some of these samples with the lower re- 
sistivities showed a small amount of free 
carrier absorption at room temperature and 
also bands in the region of 34 ja (77®K) which 
were identified with electronic transitions of 
boron impurities) 15, 16J. It will be shown that 
new electronic transitions also occur near 
I5jLL and 14*5 /x from an unknown centre; 
however the total acceptor impurity content 
estimated from the integrated absorption in 
all these electronic lines was always con- 
sistent with the measured room temperature 
resistivity. These pulled crystals contained 
either naturally occurring carbon (1T% ‘T), 
'“L and in approximately equal concen- 
trations, or and ‘‘‘C in a ratio of 2:1. 
Samples containing natural carbon but no 
measurable amount of oxygen grown by a 
meltback technique in vacuum were also 
examined. 

2.2 Determination of concentrations 
A thin window Geiger tube was used to 
count the emitted /9-particIes from both sides 
of each sample examined (a typical thickness 
was about 0-2 cm) and the average count rate 
Rsi was thus determined. Using the same 
geometry, a corresponding count rale Rs^ 
was obtained from a standard polymer source 
0*77 mm in thickness. The rate R from cither 
type of sample containing a concentration of 
'■‘C of[C ] is then given by 

« = /! /’‘[C]/U)d^ (1) 

where Aha constant depending upon the 
geometry of the arrangement and fix) is the 
attenuation function for self absorption for 
jS-particles originating from a layer of thick- 
ness dv at a depth x below the surface; the 
upper limit of infinity in the integral is justified 
because the samples were much thicker than 
the range of the )3-particles. It has been shown 
that f{xp) is independent of the particular 
material being investigated [17], where p is 
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its density. Since [C] is essentially constant 
in a given silicon sample the following simple 
relation is obtained 



providing small back-scattering corrections 
are ignored. From the quoted activity of the 
standard of 10'2iu.C/gm and its measured 
density of M46 gm/cm’‘, a value of 1*17 X 10’^ 
atom cm"^ is deduced for thus allow- 

ing ]s', to be determined for each sample. 

2.3 Infra-red absorption measurements 

Standard transmission measurements were 
made on samples at 290°C, 77°K and 4-2°K 
with a double beam grating Grubb Parsons 
Spectromaster instrument in the range 1-25/i 
with a limiting resolution of about 1 cm"* in 
the region of 9 /ul and 2 cm"* in the region of 
\7fi. The instrument was flushed with dry 
air or nitrogen gas to minimise effects due to 
atmospheric absorption and was calibrated 
with various standard gases. Preliminary 
measurements at 290°K and 77°K have also 
been carried out by Devine with a high re- 
solution grating instrument operating in 
vacuum over the wavelength range Ib-lOO/x. 

Most measurements in the 1-25/x region 
were however made by a differential tech- 
nique with a high purity floating-zone silicon 
sample, or other samples as discussed below, 
111 the reference beam of the spectrometer; 
(he samples were cooled in separate cryostats 
for measurements at 77°K. The sample 
apertures were set up (without the samples) 
and an attenuator in the sample beam was 
adjusted to give a 100 per cent transmission 
reading on the recorder. The two samples of 
the same thickness d were then inserted and 
the relative transmission is given by 


exp {-a‘d) 


l~/?“exp[- 2ad] 
l-/?"exp [-2(a+a')d] 


(3) 


for silicon and a and a' are the absorption 
coefficients due to intrinsic and impurity 
effects respectively, a' may be written as 
a^—an-\-ai where an is a slowly varying 
function of wavelength, due for example, to 
free carrier absorption and is due to ab- 
sorption in a line. If«/, is negligible, as was the 
case in most of our samples, the intrinsic 
lattice absorption is completely eliminated 
from the recorded spectrum. Sincea is known 
as a function of wavelength [18], it is a simple 
matter to compute ol. The relative trans- 
mission could be usefully magnified instru- 
mentally by a factor of up to ten and this 
allowed weak bands with an absorption 
coefficient of 0*025 cm“* to be detected for 
the sample thickness of 0*2 cm used in this 
work. 


3. DETAILS OE SPECTRA 
3.1 Absorption from isolated carbon im- 
purities 

The energies of the fundamental modes for 
the three carbon isotopes were determined at 
290°K and 7TK in a large number of samples 
and are given in Table 1. Previously, dis- 
crepencies were found in the position of the 
*“C line depending upon which other isotopes 
were present! 1]; no such effects were ob- 
served in the present work, presumably 
because of the! ligher instrumental resolution 
used. Corresponding results for the second 
harmonic absorption lines which had a 
strength relative to the fundamentals of I *5 per 
cent are also given in Table 1. These lines 
were easily detectable, even at room temper- 


Table \ . I.R. absorption energies for isolated 
carbon in silicon 


Temp, Line 

c- 

(ij(cm ’) 

C" 

( H 

cm ' 

290“k Fundamental 

604-9 


570 3 

5-9 

2nd harmonic 

I20SH 

1169-0 


10 

77°K Fundanienlal 

607 5 

589 1 

572 8 

1-8* 

2nd harmonic 

1211-1 

1174-5 


5-3 

4-2'^K 2nd harmonic 

I2I1'4 

1174-4 


3'7 


where R = 0*3 is the reflection coefficient 


^Possibly inslrumenlally limiled 
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alure, when the expanded differential tech- 
nique was used as shown in Fig. 1. No data 
are available for the second harmonic 
line as its position at I I4I-8cm“', estimated 
from the results for and lies on the 
side of the very intense structure due to 
oxygen in the 9/x region. 

The strengths of the band for ‘T. taken as 
the product of peak absorption coefficient 
multiplied by the half width of the line, were 
determined at room temperature and 77°K 
for four samples and are shown in Fig. 2 
as a function of the concentration (equation 
(2)). When the linewidth is taken into account 
the results at room temperature are very 
similar to those reported previously! 1 ]. 

Attempts to detect measurable absorption 
at energies just below the Raman frequency 
[19] of 523cm“‘ due to the presence of car- 
bon all produced negative results. These 
measurements were made at room temper- 
ature on (1) a sample containing ‘H' in a 
concentration of 9x10’' atoms cm ’ ('■’(' 
calibration) but no measurable quantity of 
oxygen (9^ band at 77°K); and (2) on a sample 
containing '-C' and ’’C in a total concen- 
tration of I'bx 10’'^ cm“'’ togelhei with 10'” 
atom cm of oxygen, measured differentially 
with respect to a reference sample having an 
identical oxygen content but a very low 



Fig 1 Second harmonic absorption due to isolated '"C 
and 'T impuniies and the 8^ oxygen band; — 293“ K, — 
77°K, ■ 4‘2“K; the zero of absorption for the low 
temperature results is displaced upwards for the purposes 
of clarity 



Fig, 2 Strength ot the ‘■'C' fundamental absorption band 
vs. 'T concentration; -*-77° K, —2 93''K. 

carbon concentration. In the latter experi- 
ment, the bands at 19-5 and 9/1 associated 
with the normal interstitial oxygen centre 
[10-14], were complete[y eliminated (see 
Fig. 3 for 9/1 region). These results indicate 
that any band mode absorption, due to carbon, 
in the region of the spectrum from 450 to 
52.3 cm“’ must have an absorption coefficient 
of less than 0*03 cm ’ when the integrated 
absorption in the local mode region is 90 cm~^. 


EMffly c»"' 

1040 1090 1150 



Fig. 3. Differential absorption spectrum in the 9/i oxygen 

region at room temperature; sample (a) containing 

oxygen/cm'* and no carbon versus undoped floating 
zone crystal;— sample (b) containing lO*'* oxygen/cm' 
and I'bxlO**’ carbon C^C + '^O/cm'’ vs. undoped 
floating zone crystal,-— differential spectrum between 
(b) and (a) showing lines A and B, right hand Scale applies 
to this spectrum. 
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Results of a preliminary investigation carried 
out by Devine have shown that any absorp- 
tion lines due to carbon in the band region are 
in fact very small (a < 0-1 cm"') in the whole 
spectral range from 100-500 cm"'. 

3.2 Satellite lines in the ref^ion of9fi 
The structure in the region of 9 fx from 
samples at room temperature is shown in 
Fig. 3. When carbon is present two new bands 
occur, line /4 being about six times as strong as 
line B. Line A, with a half width of 12cm"L 
IS very much sharper than the normal oxygen 
hand which has a halfwidth of 36 cm"'. The 
corresponding structure at 77°K and 4-2°K 
IS shown in Fig. 4 where it is seen that the 
normal oxygen band sharpens and shows the 
fine structure [1 3- 14] reported previously 
(See Table 2). Line A also sharpens and 
shifts to a higher energy at 4'2°K and two 
shoulders become apparent as shown in 
Lig. 5; a more detailed discussion of this 
figure is given in Section 4.2. Line B also 
shifts to a higher energy (Fig. 4) and another 
weak line C at 1085- 1cm"' is detected at 
4*2''K. High resolution measurements at 
4-2'^K on samples containing natural carbon. 



Fig, 4. Relative transmission of a sample containing 10'" 
oxygen/cm' and L6 x 10'" carbon ('"C -f 'T) vs. undoped 
floating /one crystal showing lines A, B, and ( .— 
TT^K,— 4'2“K 

and ''C+'T failed to detect any 
isotope shift on any of these lines, confirming 
our previous lower resolution results obtained 
at 77°K for line A. However, the variations 
of the strength of these lines with the total 
carbon content of the samples (Fig. 6) sug- 
gests that they do arise from the vibration of 
a complex involving a carbon impurity. The 
presence of oxygen in the centre was indicated 
by the fact that these lines were absent in 


Table 2. I.R. absorption enerf^ies of oxygen centres in the 9 p re ion 

290‘^K ITK 4TK 

Assignment co(cm“') Awtem ') w(cm ') Aw(cm ') a)(cm ‘) Auj(cm“') 


Oxygen 


1205-1 


1205-7 

4-4 

Oxygen 9^ 1107-2 

36 

1134-9 

1126-1 


1136-2 

1134-4 

1132-6 

1130-5 

1128-3 

1-0 

Shoulder E 
of line A 




1108-8 


line A 1093-6 

12 

1103-0 

3-6 

1103-9 

21 

Shoulder D 
of line A 


1098*4 


1099-0 


line C 




1085-1 

1-4 

lineB 1047-5 

5 

1051-9 

2-8 

1052-0 

1-8 
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5 Detailed slruciuic of line A at 4 2"K; — ob- 
served absorption. — expected conliihutions t'lom the 
centres containing '"‘Si. -'*Si and "’Si (see discussion 
section of text). - - composite cuive for the three Si 
isotopes; D and E renitiming absorption 



I ig 6. Vanalion of line A foi samples containing 10'^ 
oxygen/cm' and a range iil carbon concentrations 


samples which contained a high concentration 
of carbon but no oxygen. 

3.3 Satellife lines in the ret^hon of the carbon 
fundamental modes 

The satellite structure observed in the 
region of 16^ from a sample containing 
together with atoms of oxygen, is 

shown in Fig. 7. The halfwidths of these 
bands were similar to those of the isolated 
carbon fundamentals, at corresponding tem- 
peratures and their integrated absorption 
remained essentially constant showing that 
they were due to single phonon absorption. 
Other measurements on samples containing 
and ‘“C+'T confirmed that there 
were three vibrational satellite lines as- 
sociated with each carbon isotope, details of 
which are given in Table 3. Line Y for the 
isotope has not been observed as its 
position estimated from the data for the other 
isotopes, is almost coincident with the 
fundamental. At room temperature many of 
these lines were only present as shoulders on 
the strong fundamental bands, due to the 
increase in their linewidth with increasing 
temperature. The relative strength of the 
absorption in the three satellites was approx- 
imately 2:2:1 for X : Y : Z and was the same 
for all samples. The absorption in these lines 
increased with increasing carbon content of 



fundamenUtI ahsorpiion band when oxygen is present 
showing lines X, Y and Z. 
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Table 3. /./?. absorption energies ofC-0 
complexes in the region of the carbon 
fundamentals 



line 

(‘’K) 

X 

(cm”') 

Y 

(cm"') 

Z 

(cm"') 

c- 

290° 

586-2* 

636-7 

683-8 


IT 

588-5 

640-1 

689-9 

C‘-' 

290° 

.568 0" 

617-8* 

665-8 


IT 

571-1 

621-9 

670-7 

CM 

290° 

552-9* 

60lt 

650-2* 


IT 

555-4 

605 1 

656-8* 


* Shoulders on stronger lines. 

tBslimated positions; masked by fundamenlal at 
605 and 607-5 cm”' at 290° and 77°K respectively. 


the sample in a similar manner to lines A and 
H. In fact the strength of the absorption in the 
satellite line T, summed over all the isotopes 
of carbon present, gave a very good correl- 
ation with the strength of line A as shown in 
Fig. 8. It was also established that there was 
no detectable satellite structure in this region 
in the oxygen free samples except for a small 
line at 589*1 cm'^ which corresponded in 
position and strength to the expected ab- 
sorption from the M per cent abundance of 



H Peak absorpiion coefHcienl for satellite line A 
vciMis absorption cocfricient in satellite line Y (summed 
I'ver all carbon isotopes present) Pom! 1. sample 
contains '-C: point 2, sample contains other 

points, samples with'T + 'T, 


the naturally occurring 'K' isotope. Likewise 
no satellite structure was observed from a 
sample which contained 10^® cm"^ oxygen 
atoms but a negligible carbon concentration. 
These results, taken in conjunction with those 
in Section 3-2 are taken to establish the exis- 
tence of complexes involving carbon and 
oxygen, 

3.4 Absorption due to electronic transitions 

Observations of the sattelite structure 

described above were complicated to some 
extent in certain samples by the presence of 
two other lines at 669-3 cm^* and 693*3 cm“* 
(4-2°K) which increased strongly in absolute 
intensity as the temperature was reduced. 
This behaviour precludes the possibility that 
they were due to a one phonon absorption 
process. The strength of these lines showed a 
correlation with the boron content of the 
samples, as determined from the strength of 
the absorption at 34^, and they were absent 
in samples which had been subjected to a 
2 MeV electron irradiation with a dose of 
5xl0*’^cm“l This treatment is known to 
introduce deep electronic levels which should 
lead to the ionization of any shallow acceptor 
levels present. All these observations in- 
dicate that these lines arise from electronic 
transitions of an acceptor centre, the nature 
of which is not known at present. It could be 
speculated that this centre involves a boron 
impurity paired with oxygen and/or carbon 
but no direct correlation with either of these 
latter two impurities was found. In view of the 
limited number of observations of this centre, 
which are anyway outside the scope of this 
investigation, no further discussion will be 
given. Other effects of the electron irradiation 
treatment will be presented elsewhere. 

3.5 Other absorption 

Apart from the lines due to the normal oxy- 
gen centre at 1206 cm ^ (8 /a band) and 517 
cm'^ (l9jLL band) and those described above 
the only other feature that was detected in 
some samples was a broad band near lip. 


s 
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This band did not correlate with the carbon 
or oxygen concentrations, nor with the 
strength of the satellite structure described 
in Section 3.3, and its origin is not under- 
stood. No bands due to local mode absorption 
of boron were observed, as was to be expected 
for the low concentrations of this impurity 
which were prt^sent. A concentration of boron 
of 5 X 10^’^ cm ‘ has been found to give a local 
mode peak absorption coefficient of about 
100 cm and so a concentration of 3 X 10’"' 
cm which was the highest value in the 
samples examined, would lead lo a - 10 “ 
cm ‘ w hich was below the limit of detection. 

4. mSCUSSION 

4 1 Isolated ( iirhon imfmritics 

Since carbon and boron atoms have similar 
masses and both impurities are thought to 
occupy substitutional sites in silicon, it will be 
useful lo compare and contrast the present 
results with the detailed observations for 
isolated boron ions [2]. 

A comparison of the energies of the carbon 
fundamental modes given in fable I with 
those for at 622*8 cm ' and "Y? at 645-8 
cm ' (77‘'K), indicates that the required re- 
duction in force constants relative lo a simple 
isotopic impurity (4, 51 is almost the same for 
both impurities, being very marginly greater 
for boron. From the data in Table I it is seen 
that the energies of the second harmonic 
transitions for carbon are less than double 
those of the fundamentals by 3*8±0*2cm"‘. 
rhis is the same shift, within experimental 
error. as4hal obtained for boron impurities 
(3-7 cm ') and indicates that the degree of 
anharmonicity in the vibrational potential 
is also similar for the two centres. Unfor- 
tunately, details of the anharmonic constants, 
even in a static wxil approximation f20j, 
cannot be determined without a knowledge of 
the energies of the third harmonic transitions. 
The relative strength of the second harmonic 
to the fundamental absorption, which depends 
on both the mechanical anharmonicity and the 


existence of a second order electric dipole 
moment, is also similar having values of 0*015 
and about 0'02 for carbon and boron re- 
spectively. The linewidth of the carbon funda- 
mentals of l'8cm“’ measured at 77°K (our 
previously reported valuefl] of 5 cm"’ was 
obviously inslrumentally limited) is some- 
what Jower than that of 3*5 cm“‘ for boron. 
The reason for this difference is not clear, but 
it has been shown that there is extra satellite 
structure close to the boron fundamentals 
[21,22] and second harmonics[21, possibly 
resulting from the electron irradiation treat- 
ment given lo these samples, and this may 
have led to an apparent increase in the 
fundamental linewidth. 

rhe results shown in Fig. 2 appear to in- 
dicate that the absorption in the carbon local 
mode lines increases by about 10 per cent 
when the sample temperature is lowered from 
290 to 77°K, although it is well known that 
the absorption should be independent of 
temperature for a one phonon process. Similar 
effects have been observed for boron-lithium 
complexes in silicon[231 and hydrogen in 
calcium fluoridc[20]. In (he latter system, the 
discrepancy was attributed to a reduction in 
i.r. active two phonon processes, involving 
a local mode plus or minus a lattice mode, as 
the temperature was lowered. Such com- 
bination bands were relatively strong and 
easily observable and showed the expected 
variation in strength with temperature [20]. 
Similar bands have also been observed for 
boron-lithium complexes in a concentration 
of 2x 10"”cm in silicon[24] although these 
were relatively weak and were only revealed 
in experiments using the differential technique 
described in Section 2.3. Corresponding 
measurements on the present samples gave 
no clear indication of the existence of com- 
bination bands. The explanation of the change 
in absorption in the local modes is thus 
probably lo be attributed to changes in the 
line shape as the temperature is lowered. 
These were also the conclusions relating to 
the work on boron lithium pairs in silicon[23]. 
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The present results have shown that the 
local mode absorption from neutral carbon 
impurities is about six times greater than that 
observed from an equal concentration of B“ 
ions thus confirming our earlier result. It has 
been shown that the total integrated absorp* 
lion in the band and local mode regions from 
substitutional impurities present in a concen- 
tration D, of mass M' and carrying a static 
charge e is given by 

I Q(aj)da>= (4) 

J ncM 

where is the velocity of light and n is the 
refractive index of silicon [4-5]. Application 
of this formula to the observations on boron 
doped silicon yielded a value of c close to 
LinitytZj. Although this theory is not really 
meaningful for a neutral impurity, equation 4 
has been used to define an apparent charge of 
= 2-5 e for carbon, on the assumption that 
all the absorption occurs in the local mode 
region. The theory [4-5] predicts that about 
32 per cent of the absorption should occur in 
ihe band for an impurity with an atomic mass 
of fourteen (“C). However it has now been 
shown experimentally that band mode ab- 
sorption for carbon in silicon is very small. 
It was found that the absorption coefficient 
due to this process, at frequencies just below 
the band limit, was less than 0-03 cm ’ when 
the integrated local mode absorption from the 
carbon was 90 cm'’ = 13 cm ’). For 
comparison the same local mode absorption 
from B“ ions would lead to a value of a - 0-25 
cm ’ in the same region [2]. Hence any band 
mode absorption due to carbon is at least an 
order of magnitude smaller than that produced 
by B“ ions. This is thejustification for ignoring 
band mode absorption (equation (4)) in 
evaluating the quantity for carbon im- 
purities. The larger value of yjo for carbon is 
perhaps not too surprising in view of the 
stronger lattice absorption in silicon car- 
bide [25J compared with various lll-V 
semiconducting compounds [26-28]. These 


observations are in accord with the current 
ideas of Leigh and Szigeti who will give a 
more detailed discussion elsewhere. It is 
interesting to note that similar large charge 
displacements must occur for neutral inter- 
stitial oxygen impurities which also produce 
very strong infra red absorption in silicon[12]. 

4.2 Carhon-oxyf'cn complexes 

The observations described in Sections 

3.2 and 3.3 are considered to establish con- 
clusively that carbon-oxygen complexes 
exisi in as grown silicon when both impurities 
are present. 

Iktoie proceeding with a discussion of 
possible models for such complexes, it is 
necessary to recall briefly the interpretations 
that have been put forward to explain the fine 
structure of the 9 /li band of the isolated 
interstitial oxygen centre. It now seems firmly 
established that an oxygen atom is bonded to 
two silicon host atoms in a triangular arrange- 
ment and that the oxygen may occupy any of 
the six equivalent interstitial positions around 
the normal [111] bond axis (Dj^ symmetry) 
as shown in Fig. 9[I3]. Because of this sym- 
metry, the vibrational wavefunctions will be 
linear combinations of wavefunctions ap- 
propriate to each separate minimum (in azi- 
muthal angle about the [111] axis) and each 
vibrational energy level will be split into 
\ 


[III] 



Fig. 9 Conliguralion of an mlcrsiihal ovygen impuiiiy 
in ihc silicon hill ice, ovygen atom; O first neighbour 
site P: second neighbour site Q. third neighbour 
site R, 
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groups of closely spaced sub-levels. Optical 
transitions can then only occur between 
certain pairs of sub-levels because of sym- 
metry based selection rules. This is the 
essence of the interpretation given first by 
Hroslowski and Aider[13] to explain the 
apparently anomalous behaviour of the ob- 
served temperature dependence of the com- 
plicated fine structure in the 9fi band. At low 
temperatures all the oxygen atoms are in their 
loM'csl vibrational sub-states and only certain 
transitions arc permitted; on raising the 
temperature somewhat, a higher sub-level 
becomes populated and further transitions at 
lower energies occur: at still higher temper- 
alures the various fine structure lines broaden 
and merge to give a very broad band 36 cm ’ 
in width at 29(f K, and it is thought that free 
(hmdered) rotation of the oxygen atom about 
the llllj axis lakes place. More details of 
this fine structure, observed at a higher 
instrumental resolution, have subsequently 
been given by PaJot(141. In a later publication 
however, Pajol and Deltourl lO] put forward 
convincing evidence based upon the relative 
strengths of the various transitions, that much 
of the structure is due to isotope effects re- 
sulting from the silicon host lattice which 
contains 4'.W "’‘Si and V/i ’’’Si. Thus various 
fine structure lines are attributed to "^SLO, 
-"Sr’’SiO, etc. complexes with 

adjacent separations of )'9cm This 
interpretation tioes nol invalidate the earlier 
Ihcoretiea) ideas of Hroslowski and Alder 
1 131. but means that the structure to be inter- 
preted is very much simpler, involving only 
three or four transitions with separations of 
about 7 cm ’ for each isotopic centre. Other 
lines at 1206 and 517 cm ' were originally 
interpreted in terms of the two other i.r. active 
modes of vibration to be expected for the 
non linear triangular arrangement of the 
Si-O-Si group of atoms|13]. More recently, 
the line at 1 206 cm ‘ has been re-interpreted 
[29] as a two phonon combination band 
involving excitations along and about (rota- 
tional) the Si-Si bond axis, and an explanation 


was given for the decrease in its strength as 
the temperature is raised. This possibility 
could be checked by the observation of the 
fundamental librational mode estimated to be 
at 67cm~’ but this has nol been reported so 
far. Other small lines at 9-5 /u. and 9-7 /a have 
been observed [30] but these were tentatively 
attributed to the vibrations of clusters of 
oxygen atoms which are known to form during 
a heat treatment of silicon. It is concluded that 
the theory can account qualitatively for the 
observations on the ‘simple’ oxygen centre, 
but a more quantitative explanation is still 
awaited. 

Vhc effect of diffusing interstitial lithium 
impurities into silicon containing oxygen is 
also highly relevant to the present results. It 
is roLind[29] that the strength of the 9 /jl hand 
is decreased and a new band ascribed to 
oxygen-lithium pairs is formed at 1006-5 
cnr’. This band shows no fine structure, no 
anomalous broadening on raising the temper- 
ature and no isotope shift when ^ Li is replaced 
by '’IT The oxygen 8/x band is also reduced 
hut no new corresponding band due to the 
Li~() complexes is formed. These results led 
to the conclusion that the rotational motion 
of the oxygen atom around the Si-Si bond axis 
is quenched by (he presence of the interstitial 
lithium atom; that is, the oxygen becomes 
trapped in one particular potential minimum, 
fhese observations are very similar to those 
for the present carbon -oxygen complexes 
which are now discussed in more detail. 

The three lines A, B and observed in (he 
region of 9^ showed no anomalous behaviour 
as the temperature was raised from 4*2 to 
77°K, e.g. lino C did not increase in strength 
at the expense of line A. It is therefore con- 
cluded that they are not fine structure trans- 
itions arising from a single centre analogous 
to those of the simple oxygen centre. In any 
case, the separations of 19 cm”’ between /I 
and C and 33 cm ’ between C and B are 
considered to be too large to be interpreted 
in this way. The ratio of the strengths of lines 
A and B appeared to be the same in all of the 
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samples examined but it was not possible to 
come to a similar conclusion for the weaker 
line C which was only delected at 4*2°K. On 
the basis of these observations alone, it is 
not clear whether lines A and B arise from two 
different defect centres, always present in 
the same relative concentrations, or if they 
are due to two distinct normal modes of 
vibration of a single defect centre. The former 
possibility is thought to be the more likely 
because only one normal mode of the iso- 
lated oxygen centre occurs in the 9/x region 
and only one line is observed from the Li-0 
complexes. It will therefore be assumed that 
the three lines arise from three different 
centres each involving oxygen. ITe presence 
of carbon in the centres giving lines /f and 
has been clearly demonstrated (Fig. 8), and 
the almost linear variation in the strengths 
with the total carbon content of the sample 
(Fig. 7) strongly suggests that only one carbon 
atom is involved in each centre. A similar 
conclusion cannot be reached for the oxygen 
impurities, as samples with a variable oxygen 
content but a constant carbon concentration 
were not available for examination. However, 
since it has been demonstrated that lines A 
and B are not due to defects consisting of 
oxygen clusters alone[30], we shall assume 
that they arise from carbon-oxygen pairs. The 
origin of line C is very uncertain and con- 
sequently it will not be considered further in 
this work. 

The correlation between the strength of line 
A and the carbon satellite structure (Fig. 8) 
may be examined on a more quantitative 
basis. The maximum observed absorption in 
line A of aAl^ = 4-0 cm'^ would correspond to 
3-1 X 10’^ oxygen atoms cm“^ if the dipole 
moment were the same as that for the normal 
oxygen centre [12]. The total absorption in the 
satellite lines near the carbon fundamentals in 
the same sample corresponded to a carbon 
concentration of 9-0 X 10’^ cm with a similar 
assumption about the relevant dipole moment 
This does not imply that the centre 
contains three carbon atoms and only one 


oxygen atom, as the value of t),, is known to 
change when impurity pairing occurs; for 
example a value of rjo = 0-5e has been meas- 
ured for boron-lithium pairs [23] compared 
with 7){) - e for isolated boron ions [2]. In 
this analysis it has been tacitly assumed that 
three carbon satellites X, Y and Z all arise 
from a single centre, mainly because ail three 
lines have similar strengths. If lines A and B 
arise from separate centres, further satellite 
structure would be expected near the carbon 
fundamentals. However, line B was weaker 
than line A by a factor of six and the corres- 
ponding carbon satellite structure should then 
be weaker by about the same factor. This 
would imply a maximum absorption coefficient 
of about 0-06 cm * in each satellite line which 
is the limit of detection in this region of the 
spectrum. In fact no extra structure was 
observed. It is concluded that the satellite* 
lines X. Y and Z and line A arise from the 
same centre, but that the measurements in 
the carbon local mode region give no further 
definite evidence about the origin of line B. 

An important result of the present work is 
that neither line A nor B shows any detectable 
splitting or broadening when different carbon 
isotopes are present. This suggests that the 
oxygen atom in these centres is not bonded 
directly to the carbon atom; that is the carbon 
does not occupy site P in Fig. 9. In this case, 
structure is expected from the various silicon 
isotopes present by analogy with the observ- 
ation of the normal 9/Lt band[10j. The detailed 
profile of line/t shown in Fig. 5 clearly reveals 
two shoulders, but in addition, the main peak 
is found to be asymmetric. This asymmetry 
can be explained if the peak is really the 
profile of three unresolved lines (dashed 
curves in Fig. 5) with separations of l*9cnr' 
and relative strengths of 1:()- 1:0065 which 
are the expected ratios for occurence of the 
centres -^Si-O-'^Si, "^Si-O-'^Si and ‘"Si-O- 
"^Si; the separation of l-9cnv ‘ is the same as 
that observed for the well resolved lines in 
the band structure[10]. This would then 
leave small unexplained bands D and E at 


M 



1504 


R. C NEWMAN and R, S. SMITH 


i()98'9 cm'* and 1 107'3 cm"*, on the low and 
high energy sides of the main peak. Similar 
effects were not observed for line B, possibly 
because of its much smaller strength. The 
sidebands of line A could in principle be fine 
structure features of the same type as those 
found for the isolated oxygen centre but 
against this interpretation, is the lack of 
anomalous effects as the temperature was 
raised from 4-2 to 290‘^K. In fact lines A and B 
remain relatively sharp at 2WK with half- 
widths of only I2cm ’ and 5 cm * respec- 
tively compared with 36 cm * for the normal 
oxygen 9 jLi band. This implies that the rotation 
of the oxygen about the Si-Sillll] axis is 
quenched in these centres as in the Ti-0 pair 
centre described above [29]. 

Ihese results arc explicable if the carbon 
atom occupies second or third neighbour sites 
(] or R in Fig. 9. (\\rbon is a much smaller 
a lorn than silicon and its presence in either 
of these sites w^>uld make the adjacent inter- 
stitial site very favourable for the oxygen atom 
from the point of view of lattice strain, apart 
from any chemical afiinity between the two 
impurities. The strength of the interaction may 
be gauged from the relative strength of line 
compared with the normal oxygen centre 
which shows that a fraction of about 3x 10 - 
of the oxygen atoms are paired in a sample 
containing 10’” cm '* and 2xl0’*^cnr'* of 
oxygen and carbon atoms respectively. As- 
suming carbon is present in sites the 
expected statistical fraction of pairs is only 
2X 10 

A carbon atom occupying either site QovR 
will have rhombic symmetry and this is ex- 
pected to lead to a complete removal of the 
three-fold degeneracy of the localized modes 
of vibration of an isolated carbon atom with 
tetrahedral symmetry. This result is consistant 
with the observation of three satellite lines for 
each carbon isotope in the region of 16 /a, but 
does not allow the two types of site to be 
distinguished. The centre of gravity of the 
satellite structure for *^0 is at 639 cm'*, 
which is a slightly higher energy than that of 


the isolated carbon fundamental at 605 cm'*; 
however, the relatively close agreement does 
suggest that the carbon atom occupies sub- 
stitutional sites in both centres[]]. The shift 
of 34 cm' * to a higher energy could be ex- 
plained by the local compression produced 
by the oxygen interstitial impurity. Similar 
shifts to successively higher energies have 
been observed for example when boron is 
paired with phosphorus, arsenic and antimony 
[21,22,31J which are progressively larger 
ions. This argument would then lead to a 
prediction of a lower oxygen vibrational 
frequency than for an isolated impurity, which 
is in agreement with the observations. Line B 
would then have the largest shift and might be 
due to an oxygen atom paired with a carbon 
atom in a second neighbour site Q (Fig. 9). 
Occupation of the third neighbour site R by 
the carbon atom could then account for the 
centre giving rise to line^^. This would auto- 
matically make line A twice as strong as line B 
if sites Q and R were occupied by carbon on a 
purely statistical basis, with the assumption 
that the dipole moment was the same for the 
two centres. In fact line A was about six times 
as strong as lineB. 

In summary, it is concluded that the 
presence of a carbon atom close to an oxygen 
impurity leads to modified localized modes of 
vibration of both impurities in the 16^ and 9fx 
regions respectively. The results indicate 
that the carbon atom is in a site of rhombic 
symmetry and that the rotation of the oxyger 
about the Si-Si bond axis is quenched. Poss 
ible models for these centres have been pro 
posed in which the carbon atom occupies j 
substitutional second or third neighbour sib 
from the oxygen. These models are consister 
with the observations, but cannot be taken a 
being firmly established; in particular furthe 
experiments would be required to determin 
whether the two new lines A and B in the 9^ 
region are due to different centres or whethi 
they arise from two distinct normal modes 
vibration of a single centre. 
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ON THP COEXISTENCE OF THE MAGNETIC PHASES 
IN CHROMIUM ALLOYS 
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Abstract- Detailed neutron diffraction investigations have been performed on Cr-Re alloys m order 
to explain the several observations in Cr alloys of the coexistence of a commensurable and an 
oscillatory magnetic phase. It is concluded that the individual magnetic phases probably occur in 
separate domains, 


Thf. magnetic properties of chromium and 
its alloys have recently attracted a consider- 
able amount of interest both experimentally 
and theoretically. It is now generally assumed 
that these properties are closely related to 
the character of the Kcrmi surface of chromium 
metal. The essential feature is the instability 
of the Fermi surface against formation of 
exchange coupled electron-hole pairs. The 
condensation of such pairs gives rise to anti- 
ferromagnetism. This phenomenon resembles 
the formal description of excitonic insulators 
1 1 ] where a condensation of coupled electron- 
hole pairs transforms a semiconductor or a 
semimetal into an insulator. The analogy 
applies in particular to the two-band model 
of anlifcrromagnetism in the form developed 
b} Fedders and Martin [2]. As the theoretical 
models are still very crude and oversimplified 
there is a need for new and extensive 
experimental data. 

In order to correlate the Fermi surface 
properties with the magnetic phenomena a 
number of neutron investigations on various 
chromium alloys have been madel3-ll]. In 
the first detailed studies on Cr-Mn alloys 
by Flamaguchi el the existence of a 
mixed commensurable (/I /‘o) an oscillatory 

phase was discovered. This result was 
further supported by M0ller et ^//.|5] for 


(T-Mn and Cr-Re alloys, by Bastow|9] 
for Cr-Mn alloys and by Hoshino ei aL[7\ 
for Cr-Fe alloys. The careful studies by 
Koehler et al] 10] of Cr-Mn alloys, however, 
did not confirm the existence of a mixed phase. 
The interpretation of some of the experi- 
mental evidence can be given in terms of 
the single-band model of Tachiki and 
Nagamiya[I2] and (he recently developed 
two-band modelsl2, 1 3]. None of these 
models, however, explains the observed 
coexistence of the two magnetic phases over 
a rather wide range of temperatures or con- 
centrations. It was thus one aim of the present 
studies of Cr-Re alloys f 14] to clarify this 
problem. The hypothesis was that concen- 
tration gradients produced in the crystal 
during the growth process would give rise 
to an apparent mixed phase for the bulk 
crystal. However, due to the concentration 
gradients a variation of the relative intensities 
of the /4T„ and the AF^ components would be 
observed across the crystal. 

A specimen of Cr-0*78% Re which had 
earlier been found to have a very pronounced 
mixed phase region |5] was chosen for the 
more detailed studies. The single crystal 
bar obtained by the arc-zone melting tech- 
nique 115J had a maximum length of 5 cm and 
irregular cross sections of approximately 
0*7 cm-. Investigations of the inhomogcneity 
of the solute concentration were made both 


, ^Present address. InsUlutc of Nuclear Research. 
Swierk, Poland. 
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by chemical and X-ray fluorescent analysis. 
An average concentration variation Irom 
0-94 at. '/T to 0*65 at. % was lound across the 
crystai, consistent with Ihe neutron diflraC' 
tion patterns to he discussed helow for a 
number or 50/xx 50/u crystal regions X-ray 
fluorescent micropiohe photographs were 
taken in search oi' microscopic inhorno- 
geneities similar to those reported lor ( r-hc 
crystalsl ]6|. Inhomogcneilies of this kind 
were not found. 

I'he neutron dilli action mcMsurcments 
weie pciibrnied at the fixed-scaUcring-angle 
neutron spectronictcr| 17| at Ihc l)R3 
reacloj al Kiso This lype e)l instiLinicnl 
ch mi nates the second oi\k\ reflection con- 
tamination and has a (i\cd scattering geomeli y 
The crystal was mounted vvilfi ils long axis 
almost veitica! ami a cadmium aperture was 
used 10 sclcel nariow slices from the bulk 
crystal. In the hiM senes oT mcasiiicnients 
three 2 mm wide hori/cmtal crystal slices 
were in turn exposed lo neutrons, (he 
ohseivcd neutron tlilfi action palleins (for 
the lop, central and botltmi part of the ciyslal) 
showed a small but signilieant difference 
between the relative intensities of (he 
and the ///', peaks, 

In the second scries a 0-7 mm wide aperture 
selected a number of vertical layeis from the 
crystal parallel lo the i>pen crystal surface'. 

I rum several detailed scans three patierns 
obtained at 95' K are shown in f ig. I. The 
drastic variation of the relative intensities 
is easily seen. The central peak belongs to 
the phase and the side peaks to the Af t 
phase. In com pa i Ison with the observations 
for hori/ontal crystal slices, the intensity 
variation is much more pronounced over a 
considerably smaller distance Note that a 
pure A t o phase is found in the scan corres- 
ponding lo the open crystal surface. Thc/IFt 


^ fho ciyMals woic grown in moiiisot shape like a hu.it. 
thus (cavinj: one surface of the melt free diinng the 
etyslal growth process. This surface is referred to ds the 
open crystal surface, 


phase could not he separated in such a clean 
foim. 

One of the regions with a small contribution 
fiom ihc Al o phase al 95°K was chosen for 
(he next series of measurements. Patterns for 
24 different temperatures were obtained, thus 
covering the tcmpcMaturc region of the 
previmisly lound pronounced coexistence. 
Three examples of the diffraction patterns 
obtained arc shown in big. 2. I hey arc very 
involved and cannot be interpreted com- 
pletely unamhigLioLisly. The temperature 
vaiiaiion of the central peak intensity is 
displayed in b ig. 3. C ompared to the analogous 
cuive for the whole crvslaL the transition to 
the Af\ phase is much sharper and below 
the transition temperature the intensity drops 
consideralsly. Rolh Ihe vertical layer scan 
and the tcmperaluie scan supports the view 
th.it the apparently coexisting phase is rather 
a mixluie of single phase domains. 

No fully convincing explanation could 
be found for the shape of the peaks shown in 
Fig. 2 (the insert Fig. 2(a) shows the nuclear 
peak (2,0,0) for comparison). It is known 
from measurements on several chromium 
alloys that the wave vector Q of the sinu- 
soidal spin modulation changes abruptly from 
27r liT 

0-97 — to — at about ()’9 per cent excess elec- 
a a 


Irons per atom. 1 he observed broadening of 
(he central peak (1,0,0) and the appearance 
of satellites very close to it, is in contra- 
diction lo this well established experimental 
faell4.5,9, 10]. Flowcver, it is consistent 
with the recent model of Moli/uki c! ^//.[18] 
which predicts an abrupt change of Q from 
27r 27r 

approximatelyO‘97 — to a value less than — 
a a 


at roughly 1-5 per cent excess electrons per 
atom, followed by a continuous increase in 

0 ^'i(h electron concentration to a final value 
27r 

1 he broadening of the (1 , 0. 0) peak can be 


explained by an instrumental effect such as 
insiifficient collimation by assuming a Q varia- 
tion similar lo that of Motizuki et ai For Q 
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View from the flight tube 
^ beam in 

Whole crystal 



hig 1 , Compurison of the diftYaciion paitcins around ( 1.0, 0) ai 95"K. for ihe v^holc sample 
and for three runs wjth dilferent vciuca! sin posiuons jndicaicd by ihe haiehed regains on 
the sample, rhe cross-halched are.i leprcscnis (he honzunlal eioss scelion of ihc sample 


llT 

values larger than 0-98 ~ the collimalion was 
a 

such that the four satellites (l,±^,0) and 
(1,0, ±6) would be added asymmetrically to 
(1,0,0), while the satellites (i±5,0,0) 
would be observed on each side of the 
(1,0,0) peak. Lor Q values smaller than 
2tt 

0'98— the collimation was sufficiently strong 

to exclude observation of (I, ±8.0) and 

( 1 , 0 , ± 8 ). 

I n addition to the observed magnetic 
inhomogencilies due to solute concentration 
variations, magnetic inhomogeneilies induced 


by strains in the crystal are likely to occur 
[19-21]. Evidence of strains has been 
observed as marked differences in the relative 
intensities AFJAF^ for scattering from the 
three cubic directions. It is thus possible that 
the strange shape of (he above discussed 
dilTraclion patterns Is a result of a specific 
combination of atomic and magnetic 
inhomogeneitics. 

On the basis of these experiments it can be 
concluded that the commensurable and 
oscillatory magnetic phases probably do 
not coexist within a single domain In order 
to prove Ihe non-coexistence of the magnetic 


m 
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Fig 2 Diffraciion patierns observed around 1 1 . 0, 0) for Fig 3 Comparison of the temperature dependence of the integrated intensity 

a selected part ot the sample at 180-66''K (a). 156'70"^K in the magnetic peak at the (1,0.0) reciprocal lattice point for the whole 

(b) and 99 60^K (c) The insert shosvs the nuclear peak sample and a selected part. The insert shows the diffraction patterns observed 

<2. 0, 0) for comparison around ( 1 . 0. Ol at tempeiatures close to the/IF, to /I To transition. 
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phases, experiments should be carried out 
over very small ranges of temperature on 
highly homogeneous unstrained crystals. 
However, this requires substantial improve- 
ments in the crystal growing technique for 
chromium. 

iiiilhors are indebted to 
Professor A. R. Mackintosh and ihcir collcgues at 
kl^o for many valuable discussions. I he chemical 
analysis was performed by A. Thorboc and the X-ray 
fluorescent analysis by K. LxTke- Nielsen. We express 
our sincere thanks lor their work One of the authors 
(KM) expresses his thanks to the Danish Atomic E'ncrpy 
( ommission for providing the research grant that made 
this work possible. 

REFERENCES 

1. ZITTARTZ. J.,P/iyA./?tT. 164, 575 (1967). 

2. EFDDFRS P. A and MARI IN P C, P/jw Rci. 
143,245(1966) 

^ KOMIJRA S. and KUNITOMI N , J. pfiys ,So< . 
Japan 20, 103(19641 

4. HAMAOUCHI Y., WOLLAN E. 0. and 
KOEHITR W ( ., Phys Rev. 138. A 7^7 (1965) 

5 M0ILFR H B, IREGOA I ,tnd MAC KIN- 
TOSH A R . SoluJ Slate Commun. 3, 137 (1965). 

6 ARROTTA .WFKNFRS A, and KENDRICK H . 
P//v^ Rev. f. ell 14. 1022 (1%5) 


7. HOSHINO S.. ISHIKAWA Y, YAMADA Y. 
and YAMADA T., J. phys. Sac. Japan 20, 1729 
(1965). 

8. SUZUKIT.,y.p/iVi..Vof.yupr;n 21,442 (1966). 

9 BASTOW T. J,, Prof, phv.s. Soc. 88, 935 (1%6). 

10. KOEHLER W, C.. MOON R, M , IRLGO A I , 
and MACKINIOSH A R, Phys Rev. 15L 405 
(1966). 

11. KOMURAS.,HAMAGUCHI Y. and KUNITOMI 
N..P//VV /.f//.24A.299(l967) 

12 TACHIKI M and NAGAMIYA T, Phw Lett 
3,214(1963). 

13. KALK'OV L. M and PENN D. R, Phys. Rev 
158.476(1967) 

14. ITBECH B and MIKKF K To be published 

15. C AKLSON 0 N . S( HMIDI \ A and 
PAULSON W. M , Trans, Am Sac Metals 57, 356 
tl%4) 

16. ARROTT A.. WERNER S. A. and KENDRK K 
H.,Phx\.Rcv 153.624(1967), 

17. BURAS B., MIKKF K, I.EBEC H B and 
LECIEJEWICZ J, Ph\,s. Status SoliJt 11, 567 
(1965). 

18 MCTIIZUKI K. SHIBATAM A and NAGA- 
MIYA T .T. Phys 39. 1098 ((968) 

19. BASTOW T. J. and STREET R.. Prot. phys. Soc. 
86. 1143(1965) 

20. WERNbR S A. ARROI 1 A and KENDRK K 
H .J appl.Phxs 37. 1260(1966) 

21 WERNER S A. ARROTT A. and KENDRICK 
H.,P/,vvPfi. 155. 528 (1967). 


m 




y, Phys. Chem. Solids Pergamon Press 1 969. Vol. 30, pp. 1 5 1 3- 1 525, Printed in Great Britain. 


MATTHIESSEN’S RULE AND THE ELECTRICAL 
RESISTIVITY OF IRON-SILICON SOLID 
SOLUTIONS 

F, C. SCHWERER, J. W. CONROY and SIGIIRDS ARAJS* 

Edgar C. Bain Laboratory for Fundamental Research, United States Steel C orporation Research 
Center, Monroeville, Penn. 15146, USA. 

{Received .^0 Ociober 1 968; in revi\edform 2^ November 1 968) 

Abstract -The electrical resistivities of iron-silicon solid solutions (0-97-7 -7 a/o silicon) were meas- 
ured between 4-2° and 310®K, Above 30®K the data were analyzed for deviations from Maithicsscn's 
rule Initially, abnormal negative deviations were observed, however, these anomalies could be 
ascribed to systematic changes with silicon content in the ideal resistivity, 1 he ideal resistivity of 
the alloys was identical to that of puic iron when scaled m magnitude by a concentration-dependent 
parameter and when the temperature was scaled by a characlerisiic resistivity temperature. Ihis 
characteristic tempciaturc varied with silicon concentration in (he same manner as the ferromagnetic 
( uric temperature and m marked contrast to the lattice Debye temperature. I his similarity in de- 
pendence on silicon content suggests the resistivity is more critically dependent on the magnetic 
properties of the host metal than on its lattice dynamics After the appropriate corrections to the 
ideal resistivity were made, the deviations from Malthiessen's rule were concentration independent as 
expected from some theories for high solute resistivity alloys. The corrected deviations were com- 
patible with explanations involving anisotropies with respect to electron wave vector in the scattering 
piocesses and to a lesser extent with spin mixing iheories involving anisotropies with respect lo spin. 


1. INTRODUCTION 

In discussinu the electrical resistivity of a 
metal for which there exist several distinct 
sources for the scattering of conduction 
electrons, it is customary to equate the total 
resistivity to a sum of resistivity increments, 
each increment arising from a different scatter- 
ing source [1], Thus, the resistivity as a func- 
tion of temperature is written 

pTotal ^ PoTpideal(T) ( 1 ) 

where piotai is the total measured resistivity, 
Pi(ieai(T) is a temperature-dependent con- 
tribution characteristic of a perfect host 
material, and po, nominally temperature 
independent, is due to scattering from lattice 
defects and impurities. This addition rule 
(Matthiessen’s rule) depends on the various 
scattering processes being independent. In 
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addition it is necessary to satisfy several 
criteria among which are that changes in the 
concentration and type of scattering center 
and changes in temperature must not change 
the band structure or alter the filled regions 
of k space of the host metal. However, even 
when these criteria are fulfilled (as one would 
expect them to be in dilute alloys) deviations 
from Matthiessen's rule A(=pToiai“po“Pideai) 
will still occur if the scattering probability 
associated with each source is a different 
function of electron wave vector (e.g. if 
the relaxation times have different aniso- 
tropies with respect to kf). Dugdale and 
Basinski[2] have reported deviations from 
Matthiessen’s rule in dilute noble metal 
alloys which could be explained in terms of 
differences in the anisotropy of the relaxation 
times associated with the various solute atoms 
and the anisotropy associated with phonon 
scattering (pweai)- Such differences in an- 
isotropy are expected from considerations of 
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the electronic slates associated with the 
various solutes. The resultant deviations 
are temperature dependent both because the 
size of relative to changes with 

temperature and because the anisotropy i>t 
the scattering from phonons is expected to be 
temperature dependent [3]. 

Predictions ofdcviat ions f'lom Matih lessen s 
rule based on relaxation lime anisotropy argu- 
ments follow generally liom electronic tians- 
porl Ihcoi y and arc expected to be applicable 
to all metals. Using a di lie rent, moie special- 
ized model, Campbell, bcrl and Pomeroy 
(4| have recently argued that deviations from 
Mallhiessen's rule in iron alloys arc eviLlencc 
for two-cuneni conduction. In their model 
for ferromagnetic metals, the conduction 
electrons are considered to be spin-polan/cd 
and consequently divided into siibbands. 
Because the two bands will have dilferenl 
electronic properties, the scatleiing from 
impurities may be chaiacteri/ed with a 
dilfcicnt relaxation time in each siihband. 
Momentum-conserving, spin-tlip scattering 
which niirnially would not atfcct the resist- 
ivity, can now give a resistive contribution 
by transferring elections into the low con- 
duct/vily band, /his spin mixing gives rise 
to deviations from Mafthicssen's rule which 
are dependent (/pott the anisotropy with 
respect to spin lor impurity scatleiing and 
upon the spui-Hip scattering process. I'hc 
latter is naturally expected to be tempera- 
ture dependiMit. 

l-'rom still a third point ol view', tempera- 
ture-dependent deviations from Malthicssen’s 
rule have been interpreted as evidence for 
temperature-dependent impurity (or delect) 
scattering. ,Siich temperature dependences 
may be associated with the scattering process 
(tseif'[5J, Howevei; in (he case of ferro- 
metais some theories predict a temperature 
dependence of the impurity resistivity due 
to changes in the electronic states available 
for scattering. Such changes would ac- 
company changes in the spontaneous magnet- 
ization of the ferromagnetic matrix. For 


either form the thermal part of the impurity 
resistivity would be proportional to the 
impurity concentration. 

Therefore, depending upon their origin, 
deviations from Matlhiessen's rule in ferro- 
magnetic alloys can furnish important clues 
to the electronic states associated with 
impurities or to the nature of the fundamental 
scattering pioccsscs in fcrro-metals. All the 
above theories predict that the deviations 
A will be positive. 

In this paper wc are primarily concerned 
with deviations Irom Matlhiessen's rule in 
iron-silicon alloys in the solid solution range 
{1-8 al, ['i silicon) for temperatures from 2{f 
lo 300 K at zero applied magnetic held, 
/hose choices of solute, solute concentra- 
tions, and temperature range were influenced 
by the following considerations: ( 1 ) A number 
of corrections for chemical and thermal 
volume changes become important in resist- 
ivity studios concerned with deviations from 
Matlhiessen's rule. The parameters needed 
for these corrections are available in the 
literature for the iion-silicon system. (2) 1'he 
solute concentrations must be sufticicnlly high 
to dominate ibe elfccis of residual impurities. 
I'lirthcrmore, there is an advantage to the 
analysis (the deviations become concentration 
independent) in having the solute resistivity 
also dominate the thermal resistivity (pro- 
vided, of course, othe'r high -concent rat ion 
solute effects can be controlled). (3) In fcrro- 
metals there arc effects associated with the 
spontaneous magnetization (4;rM,) which 
tend to obscure meaningful measurements of 
the scattering process resistivity |7| Methods 
exist lo accurately correct for these effects, 
how'ever, they involve measurements over 
large ranges of applied magnetic fields (2 or 
3 times 47rMj in addition to measurements as 
a function of temperature and concentration. 
These spontaneous moment effects are most 
critical for high purity samples at low tempera- 
tures. This is an additional reason for large 
solute concentrations as well as for the lower 
temperature limit. 
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2. BACKGROUND 

(a) Experimental 

Deviations from Matthiessen’s rule can be 
experimentally determined by measuring the 
resistivity pma] as a function of temperature 
for a dilute alloy. The resistivity due to the 
solute element p,, is the resistivity of this alloy 
measured at low temperatures where the ideal 
resistivity is negligible by comparison. If 
the solute atoms act independently the 
residual resistivity p^^ will be proportional to 
the solute concentration c. The ideal resist- 
ivity Pm,.;, I is measured for a pure sample of 
the host material (a sample with small p,,). 
Deviations from Matthiessen’s rule are then 
determined as A = pxomj — pm^ai “Po- Obvious- 
ly it is necessary that the ideal resistivity 
not change with alloying. Such changes in 
Pidrai normal metals might, for example, 
be associated with changes in the phonon 
spectra due to the mass defects[8]. This 
source of deviation from Matthiessen's rule 
will be discussed in greater detail below but 
for the present we assume such effects to be 
negligible, either being initially absent or 
suitable corrections to the data having been 
made. 

There are several simple corrections to the 
data which should be made to obtain informa- 
tion comparable with theoretical predictions. 
Since these corrections are often of the order 
of the observed deviations we detail in the 
following paragraphs the procedure we 
followed in correcting our data. 

In practice the resistance H is measured for a particular 
\ample at a temperature V and converted to resistivity 
hy dividing by a geometrical factor G{- gauge length/ 
cross sectional area). This geometrical factor was 
measured at 296'’K and converted to that at temperature 
Tby 

G{T) = C{0){\-\-Hij{T)M 

where 

r;(0)-c;(2%)(i+6a(2%)/u„) 

and {ba{l)|a^^) is the thermal change in lattice parameter 
from Its value at (TK. Failure to correct for this 
change in geometrical factor results in measured devia- 
tions which are the sum of the true deviations and the 
apparent deviation 


rht, 1 (2) 

lo relate the deviations from Matthiessen's rule to the 
scattering processes the various resistivities rv 
Pi(kai) should be compared at the same atomic volume [2]. 
Thermal or chemical changes in volume can give rise to 
apparent or erroneous deviations The resistivity of a 
dilute alloy (at vol. V) at temperature '/'is 


p( 7 , V) -■ pirteHil 7 . F) F) + A-rmi'i T. F). 

The ideal resistivity pio,.«i(F, 7 ) diffcis from that ol the 
pure material pM,.„j(7',n) by changes due to chemical 
expansion. To first order this change is 


PijiMi ( F) — p|,}^.ul (7,(1) 



Similarly because of thermal volume expansion the 
impurity resistivity at temperature T differs from that at 
(FK by 


The measured quantities are andpJFfO)). 

Consequently the apparent deviations from Matthiessen's 
rule may be separated as follows 

Axi.jir ^Pu,\JT F)“Pi,,,,hi{ 7'. (l)-p„(I/(0) I 

~ ‘ifrui ^ ni 

where 



where c is the solute concentration Bridgeman|9| has 
determined the volume dependence of the ideal rc- 
stsiivily at room tcmperatuie as (d In p/d In F) = 4 4 0 
and from his data the volume dependence of the res- 
istivity due to silicon impurities was inferred to be 
(d In p/d In 1) -0-5. These quantities generally have 

weak temperature dependences over the range of pnnci- 
pal interest m this study and consequently for these 
corrections were assumed lo be constant. The thermal 
volume expansion (SF(T)/MO)) was obtained from the 
thermal change in lattice parameter (6u(T)/uJ and a poly- 
nomial fit of data for pure iron as quoted by PearsonjlO] 
was used to determine {^a{T\hh)- There is evidence! 11] 
to suggest that the changes in thermal expansion with 
silicon content will not be significant to our application 
here and the thermal expansion of pure iron was assumed 
to describe that of the alloys. The experimental value 
1121 din aldi =”0(X)0237 per a/o was used for the 
chemical expansion and consistent with the above 
assumption taken lo he temperature independent. 
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The resultant corrections for an iron - 1 alO 
silicon alloy are plotted in Fig. 1. Note that 
all three of these corrections are proportional 
to solute concentration c (equations (2, 4, 
and 5)), 



-003‘ ! . . _\ 

0 too 200 3bo" 
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t ig I Apparent tleviations from Mallhies^en’s lulo for 
iron with I a/o mIiloh due lo (I) thermal expansion ol 
geoniclrie.il I'litioi, iheimal expansion of aiomie 
volume, and ( theniieal expansion of at xol. 

(h) Theoretical 

Theorciical expressions for the electrical 
conductivity may be derived from the 
Boltzmann transport equation [ 1]. Solution 
of this equation depends upon the scattering 
probabilities for the conduction electrons. 
Intuitively, it is reasonable to describe the 
effect of scattering on the electron distribution 
/(K) by a relaxation lime T(k). Consequently, 
if several independent sources for scattering 
exist, the total scattering probability for an 
electron in a stale described by k will be 
proportional to 



T(k) r r.(k) 


Under this assumption, the Boltzmann 
transport equation gives the electrical 
conductivity as 

(Xu - e‘ J r(k)D((k)i;i(k) 


where is s surftice element on the Ferini 
surface and v{k) are electron velocities. The 
electrical resistivity is the reciprocal of the 
electrical conductivity. If the v{k) and the 
appropriate constant energy surfaces do not 
change, then Matthiessen's rule follows 
provided all scattering processes are des- 
cribed by relaxation times which have the 
same functional form of k. If, however, the 
different scattering processes are character- 
ized by relaxation times with different aniso- 
tropies, then deviations from Matthiessen’s 
rule occur and are given by 

Ti(k)T2(k) 1 

T,(k)-l-T2(k)J 

[r,(k)[r2(k) ]-' 

( 6 ) 

J(r,(k) + T 2 (k))J 

where the integral sign denotes / u,(k)af(k) 
dS',/|(vl' if one of the scattering processes 
is dominant in strength (i.e. T, ^ Tj, p, « p,) 
then 

, . 1 ['/ti Jt,)'] 

TTT^ ' 

Jr,. [jT.y J 

Since the bnicket is independent of the 
relative strengths ofij and (r, and Ta appear 
to equal powers in numerator and denomin- 
ator), in this limit A is proportional to the 
weaker resistivity p, and the proportionality 
constant depends only on the relative aniso- 
tropies associated with the two scattering 
processes. In particular, if the solute res- 
istivity dominates the ideal resistivity over 
the experimental temperature range, the 
deviations A will be proportional topideai(^) 
and independent of solute concentration. 

One method of simplifying these equations 
divides the Fermi electrons into two groups 
which characterize areas and of the 
Fermi surface with velocities and v^[l, 13], 
The scattering from sources T’ and ‘2’ is 
described by relaxation times tj and for 
electrons on region V and by ar,, jSra on 
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region 'b\ Equation (6) then reduces simply 
to 


Pi[j3(l +otgY] + Pit[a(\ 
and if Pi < p 2 this becomes 




Pi 


r(«-)3)^ 1 

a(l+i3)2_ 


( 8 ) 


where g= {aaV„)l(abVh) and in equation (8) 
has been absorbed into a and /3. 

Studies of electron transport properties in 
noble metals have shown that it is necessary 
to consider anisotropies in the relaxation 
times to explain the observed results [14]. 
Moreovers Deaton and Gavenda[15] have 
directly measured relaxation time anisotropies 
in copper; while Dugdale and Basinski[2] 
find that such considerations explain the 
deviations from Matthiessen’s rule which 
they observe in noble metal alloys. In noble 
metals regions a and h are assigned to ‘belly' 
and ‘neck' electrons [2, 3]. The spatial extent 
of the impurity disturbance may cause ‘neck' 
electrons (which have p-like components and 
hence greater probabilities of being found 
between nuclei) to be scattered more or less 
strongly than ‘belly' electrons (principally 
v-like wave functions with large probabilities 
on the atomic site) giving rise to a non-unity 
value for /3. Similarly at low temperatures 
where Umklapp processes are frozen out 
and small angle scattering dominates phonon 
scattering is expected to become relatively 
more effective for ‘neck' electrons resulting 
in a temperature dependent anisotropy a. 

In the electronically more complex transi- 
tion metals we expect that scattering pro- 
babilities will also vary over the Fermi 
surface in ways characteristic of the scatter- 
ing source. Theoretical considerations[16] 
suggest that the disturbance in electronic 
states varies greatly with the type of impurity 
present and there is experimental evidence 
to confirm these predictions (for example 


neutron diffraction [ 1 7] and Mdssbauer 
spectroscopy) 1 18, 19], Studies of the magneto- 
resistivity of nickel alloys in the context of 
Kohler's rule [20] (another rule whose validity 
depends on assumptions concerning the aniso- 
tropy in the relaxation times) indicates that 
at least for this transition metal host, these 
differences in impurity electronic states may 
also be manifest as differences in the relaxa- 
tion time anisotropy. Consequently, deviations 
from Matthiessen’s rule due to differences 
in the anisotropy of the relaxation times 
characteristic of the various scattering 
sources may well be important in iron alloys. 

Another model which predicts deviations 
from Matthiessen’s rule is one proposed by 
Campbell, Fert and Pomeroy[4]. In this 
two-current conduction model, parallel 
currents are carried by electrons in two 
subbands. The subbands are formed as a 
result of the spin polarization of the conduc- 
tion electrons due to the ferromagnetic state 
of the host metal. Scattering of electrons in 
each band is characterized by a relaxation 
time (t t or T i ) which describes both 
impurity and thermal process scattering. 
Spin-flip scattering in which momentum is 
conserved would normally not affect the 
conductivity: however, if electrons in the 
two subbands have different relaxation 
times (t I ^tI) this spin-mixing process 
can produce a resistive contribution in the 
form of deviations from Matthiessen's rule. 
The spin-mixing is characterized by a relaxa- 
tion lime T i t a ‘resistivity’ defined 
p t i (T). For the impurity dominated limit 
one finds 


P i (0) +p I (0) 

(pideal(7')+^pi T(7')) (9) 


where it has been assumed that the contribu- 
tion to the ideal resistivity is the same from 
each subband and that the impurity resistivity 
P i (0), p t (0) is spin dependent. Note that in 
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thi§ limit (/ 9 „ > /9,deai) the deviiition A is again 
independent of concentration and separates 
into a constant factor characleristic of a 
particular impurity and a lemperalure depen- 
dent component characteristic of the host 
metal. This latter component is ihc sum ol 
the ideal resistivity and the spin mixing 
Yesistivity/ H(vth of these components are 
c;(pected to be non-decrcasing with increasing 
temperature. 

(amphell. lerl and Pomeroy [4) have 
reported large deviations from Matt hie ssen\ 
rule in iron alloys which they atliihute to this 
spin •'mixing process. At low temperatures, 
they tinci these deviations to he propoilional 
to 7 " siiggesting/j | f ( / 1 is due to eleclron- 
eleciron interactions. Ciieig|2I| has reported 
laige deviations from Malihiessen’s rule in 
nickel alloys which he als(^ (inds to be welf 
described by spin -mixing considerations. 

3. KXPKRIMEMM. PR()( KDl RKS AM) RKSld S 

.Alln\s (it irnii-silicon {i) hh a/o sihijon) weic 
pR'pjft’U hv tcvif.iaofi f/icsc ;UI(7y^ .t/dtm wiih 

hi^h piiiily lion sUitidiii (is sCiUcd iiiKicr 

{ to '■ Ion ) [[) tjii.iri/ lubes <10(1 homoj^ciii/c(l toi I 
week ill I0(K1 ( f he ^aiiiptes v\eie miichinect to cyfiruJci s, 
0'2fl0)n (ii;i and 2 in lon^:, a 2()m)l thick suil'ace layer 
hciny leinovcd dining in.ichiuiii^ Hie samples wcie 
tc-scaled in quail/ lubes and leaucicd lor 2 In al SSOX 
lion vviics weie spol welded to the samples lor potential 
probes The lar^c cross-sectional aica was chosen 1o 
inciease ihc :icciii<ic> wiih which the lieonieineal I'aclot 
ciHifd he dclei mined as well as lo immmi/e adverilitioiis 
sj/c efiecls such .is liave leeeMtly been lepotled in 
eonnection with siudies ol ^r.im bimndarv resislis Hies 
in iron 1 22, 2^] 1 he cioss-seLiional aiea <ind gaiiye Icn^lh 
were nie.isured at 2*)b'k and (he jieumelriciil tacioi 
detei mined to withm 0 I fiei cent kepresenialive chips 
froni these alloys luul Irom the non stand.uds were cliemi' 
CfiKy aiiiily/cd lot cat bon. niliojicii. and silicon conlent 
The silicon concentration was deiei mined with tel.ilive 
accuracies of a lew peiceni (ses ei.il hundiedlhs ot aii 
atomic peicent) and the lesulis .no listed in table I 
The residual carbon level was ()-(K)2 w/o and the 
nitroticn - O-OOl w/o 

Three samples were mounted lo^elhei in a heal leak 
in good thermal contact with one another and with 
calibrated germanium and platinum lesi'siancc iheimo' 
meters On several of the run.s one ol ihe samples was an 
iron standard A constant current ol 0 1 A was passed 
through the samples and the resislivitv measured by a 
standard, four probe, nulling technique to t (j (KKSjLifi-cm 
The temperaluic was determined to wnhm iO-o.S'X 
Measurements were typically made at 40-50 lempcraiui es 


between 4 2“ and 3(KrK. The iron standards and some of 
the alloys were run several times throughout the study 
and (he data was reproducible within the limits given 
above. 

Tiihlt’ 1. Alloy number, silicon concentration 
I (It. 9; J, residual rcsisticity (/xU cm), reduced 
cluiraeieristic temperature, and resistivity 
parameter for iron-silicon alloys studied 
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7 
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0-930 
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K 
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()-907 
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The 

data were corrected for 

thermi 

tl and 

chcmici 

Lil expansion as 

described above with 

ihe ;u'd 

of a simple computer program 

. The 

magnitude of these cotTcetions 

has already 

been illustialcd in Fig. 

1. In Fig. 2 we 

show 

d.ila obtained fixun 4T 

?. to 50° 

K. The 

data 

Id ken a 

d (cmpeiaturcs 

below 

20° or 

25°K 

showed 

considerable 

scatter 

as well as 



10 30 ^ 40' ' i 

temperature ‘K 


Pig. 2 Low lempcraluic resistivity of iion-silicon sol- 
utions and non standards bach lesistiviiy curve has been 
offset by a constant amount .See Table I for identihcaiion 
of a Hoys. 
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sudden, but reproducible, drops. The scatter 
may be associated with either the magnetic 
effects indicated in the introduction or with 
ferromagnetic resistivity anisotropies (cf. 
Smit(7J). However, the source of the sudden 
changes near is not now known. They are 
larger than those one would expect to arise 
from normal magnetoresistance effects in 
alloys with such large solute concentrations. 
Studies of the temperature and magnetic field 
dependence of the resistivity of dilute iron 
alloys with several different solutes are in 
progress and hopefull will help clarify the 
nature of these resistivity steps. Subsequent 
discussions will concern only the resistivity 
above 20° K. 

The resistivity increments at 4-2°, 7S° and 
300°K were found to be well correlated with 
the silicon concentration. This is illustrated 
in Fig. 3 in which the solid lines are least 
square fits of the data to p = (dp/dc )c’. 



SIUCON CONCtNlRATION \ 


tig. y RcMsliviiy vs. al. % silicon al (L.L 7S' K 
( 'a, and 30(fK ( 9 ) The stiaight lines aic the least squaies 
fit and the numhers aie the respective slopes. 

This correlation is somewhat improved if 
the data is fit to hp ^r(l— c) as expected 
from Nordheim's rulcfl]. This correlation 
of 6p and silicon concentration supports Ihe 
contention that we are studying the effects 
of independent silicon atoms. The resistivity 
increment per atomic percent silicon observed 


here is consistent with values previously 
reported [4,24]. 

As expected (dp/dc) is temperature depen- 
dent indicating, however, unexpected negative 
deviations from Matthiessen's rule. The 
thermal part of the resistivities for these alloys 
are shown in Fig. 4. The ideal resistivity of 
iron is shown as a dashed line. This change 
in the thermal component is even more 

MO 



(-ig 4 rhci'nial compiincnt of the resMivKy rii) 

(solid lines), (he ideal resisiivily of pure iron (dashed 
line), and the nonnalizcd resistivity of soluie-domindied, 
iron-silicon solid solutions (dotted line). Sec ’table 1 for 
idcntihcalion of alloys 

striking for A(=p 7 ot<iiTpidc-.,i“'Po) as plotted 
in Fig. 5. These data have been corrected as 
described in Part 2 above, however, these 
negative deviations are also observed for the 
uncorrected data A = (/?n,:.4|-/?n)/G(296) - 

Pkicul* 

The residual resistivities po used in reduc- 
ing the data were those values obtained by 
extrapolating the data as suggested by the 
solid curves in Fig. 2. In view of the uncertain 
origins of the increases in the resistivity on 
going below 7°K, this value was fell to be 
more indicative of the temperature indepen- 
dent solute resistivity. If these sudden 
changes are due to resistivity mechanisms 
which become important only below 7°K 
then they should he excluded from considera- 
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l'i |4 ^ HcvialKMis (loni MiillliicsscnS iiilc coiiixicti lor 
thcTniiil and chcnncal c\p insion I solid lines, sec I .ibic 1 1 
aiul lunmali/cd deviations I’oi soliile-dommalcil, non- 
sdievm solid solutions (top dashed line) Dashed (me 
labeled X' is iineoi tested devialHMi lot allo> nuinhei S. 

lion in dtseussions ol ihc hi^h tempcialuit' 
deviations. In cllcel this cxliapolaiion means 
that we have defined the deviaiit)ns such that 
they arc zero Do within the resolution iifour 
experiment) at I0''K> In the most extreme 
case (Sample 5) use of the actual resistivity 
value at 4‘2''K would result in a unilorm 
downward shift of the corresponding curve 
in Fig. 4 by - O-L^/aH cm. This would clearly 
remove the systematic variation with solute 
concentration which is observed. Although 
subsequent investigation may find the resis- 
livity measured at 4’2'’K to be the more mean- 
ingfuL we feel that for the present the above 
considerations along with the systematic 
results obtained support the use of the 
extrapolated values. 

4. ANALYSIS OF THE DATA 

Several observations can immediately be 
made regarding these negative deviations. 
First, errors in the geometrical factor of the 
expected magnitude (0- 1 per cent) could not 
produce this large an effect nor could these 
errors be expected to give such systematic 
behavior with concentration. Moreover, 
correction to the geometrical factors sufficient 
to eliminate these negative deviations would 


also cause large changes m the residual 
resistivity. Po and destroy the correlation 
between resistivity and concentration illus- 
trated in Fig. These alloys are still dilute 
enough that it is reasonable to expect little 
change in the electronic band structure; more- 
over band structure changes would also 
ailed the residual resistivity p,, concentration. 
Consequently, these changes are to be 
associated only with the temperature-depen- 
dent parts of the resistivity and most probably 
with changes in the ideal resistivity. From 
Fig. 4, it is apptircnl that there are similarities 
in the shapes of the thermal resistivity curves 
(bi the various alloys (and differences from 
that fur the pure host, dashed line, Fig. 4). 

As disciisscdtcf. equation |7)) the deviations 
from Malthicsscn's lule become independent 
of concentration when the solute resistivity 
p„ dominates the ideal resistivity. This is the 
ease foi the majority of the alloys over the 
temperalLire range studied here. Expecting 
these deviations to he temperature dependent, 
we write the thermal component of the re- 
sistivity r(T) (=p -po) as 

r(7V=p,„,,„(7)[l+/(T)] (10) 

where r(7 )(^PT„i,ii-po) is the thermal com- 
ponent of (he resistivity. For a normal metal, 
changes inpun,,,! with alloying due to perturba- 
tions of the phonon spectra by the mass 
defects may he described as changes in the 
phonon characteristic (Debye) temperature. 
In analogy, we write the ideal resistivity of 
an iron-silicon solid solution as 

=^pt'Seai(Ta) (II) 

where a ^ ~ is the characteristic tem- 
perature iy for thermally excited scattering 
processes in the alloy reduced by that of the 
host and p is a parameter introduced to 
provide for changes in the scattering strength. 
For scattering from phonons in a normal metal 
jS would be proportional to the inverse 
Debye temperature [25]. Both /3 and 6F are 
expected to depend on solute concentration. 
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If deviations from Malthiesscn’s rule are 
due to differences in the anisotropies of the 
various scattering processes and if only a 
single scattering process dominates the 
ideal resistivity then the temperature depen- 
dence of f(T) will also scale with the charac- 
teristic temperature 0'\ Consequently equation 
(10) may be written 

r^{T) = (a J) [ I +/(a J)] = ^ ,G (a J ) 

( 12 ) 

where c denotes dependence on solute con- 
centration. This means that the measured 
thermal component of the resistivity of a 
solid solution with solute concentration c 
when reduced by will be a function only 
of the reduced temperature a, 7. One method 
of testing for such a property is to expand 
r^{T) in a power series in T 

r^(T)=^i 

1^1 1-1 

where the B; are independent of concentra- 
tion. By forming ratios of the B^^ for succes- 
sive values of /, fie may be eliminated and by 
again forming such ratios the following 
concentration-independent parameters are 
obtained 

BfBl. 

rhe coefficients were determined 

by fitting the measured data r'’(7) with a 
ten term polynomial {/V = 10). For each 
concentration c studied, the 7’j, j=3, 10 
were calculated. The average standard 
deviation of the values for the nine samples 
about the average value of each Ej was less 
than 1-5 per cent, indicating this apparent 
shape similarly is real. The coefficient ratios 


are proportional to which in turn depends 


on solute concentration. For each value of 
j the coefficients D/ were fit to a polynomial 
in powers of solute concentration c. The 
results of this fit facilitated extrapolation to 
zero concentration, and by requiring a,. - 1 
at (• = 0, the fl* ratios were eliminated from 
equation (13). An average of the values 
obtained for each value of j was used to define 
a value of for each concentration. 

With these values of equation (12) was 
then used to determine fir- The ideal resis- 
tivity of pf(feai (7) was measured for a high 
purity iron standard. A low-silicon alloy was 
chosen as a relative standard with = 1 
and the deviation term fla^T) calculated 
from the data for this sample. This data was 
fit to a polynomial. With this analytical 
expression for fia^T) and with the values 
for obtained above, equation (12) could 
be applied to define a value of for each 
data point. An average of these values was 
constructed to define for each concentra- 
tion. The standard deviation of the values 
for each sample about the average was about 
I -5 per cent with no systematic deviations, 
again confirming the similarity in shapes of 
the resistivity curves. Extrapolation of 
and to zero concentration would permit 
a normalization of the curves to pure iron and 
an absolute determination of/(7)(=A/pid*.ai) 
for silicon in iron in the solute-dominated 
limit and with no perturbation on 
Such extrapolation yielded zero concentration 
values of a and j3 which were very close to 
unity and this re-normalization was not 
considered a serious modification. 

With the aid of simple computer programs, 
the above analysis was performed for data 
corrected as described above, for uncorrected 
data, and for data corrected using other expres- 
sions for the thermal expansion. All analyses 
gave qualitatively the same results for data 
measured above 70°K. This scaling of the 
thermal resistivity is not a consequence of 
the corrections for thermal and chemical 
expansion. However, as pointed out above 
these corrections are all proportional to 


s 
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concentration and thus to a large measure 
/lave been implicitly incorpordted hy the 
scaling procedure. The corrected data is te/t 
to have the most quantitative signilicance 
and is shown in Fig. 6 reduced as a plot ol 

vs. aj. 
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Below 7(fK errors in /(u^7) -- A/pm^.,,! be- 
come very large as both A andpi<u,.n approach 
the limits of resolution of these measurements. 
For the high concentration ailoy.s errors also 
exist due (o (he large residual reslivities 
( -- 40/xilcm) relative to the small changes 
measured. The deviation of the reduced 
curve of the 0-97 a/o silicon alloy from the 
common curve at high temperatures in F)g. b 
is a result of the icsistivity of the sample no 
longer being solute dominated (i.c. now 
Pidiai ^ Pi> ' b/uii cm). 1 he decrease of/(T) 
with increasing temperature is similar to that 
observed in noble melals and in those cases 
associated with a decrease in the relative 
importance of small angle scattering from 
phonons and the resultant decrease in the 
anisotropy of the thermal process scattering. 
The data normalized to zero concentration 
are also shown as the thermal resistivity 
V(ar“^T) in Fig. 4 (dotted lines) and as 


(he concentration independent limit of the 
deviations from Matthiessen’s rule in Fig. 5 
(da.shed Jines). 

As defined above the inverse ofa^ is equal 
(0 the reduced characteristic temperature of 
the resistivity f^W,. where is characteristic 
of the host. In Fig. 7. and /3,. are plotted 
against the square of the solute concentration. 



07 - ' . . i_ L__ _ j 

0 20 40 60 
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t 7 ( tint* (crnpcriittiK‘|28] (O). batuialion miignci- 
i/;ilKin|29| (A), chardclcnshc resislivily lenipcralurc 
(•), ant! rcMstivilj parameter © normal i zed to the 
corresponding valuL^ for puie iton as functions of solute 
concentration (m at ) squared. .Solid lines are least 
sqiiaies fits to the data 

For the present, we note only the systematic 
decrease of Ihese parameters with concen- 
tration. This systematic variation supports 
the physical significance of these parameters 
and the validity of this scaling procedure. 

It is tempting to identify this characteristic 
resistivity temperature with other charac- 
teristic temperatures of iron solid solutions 
based on similarities in their dependences on 
solute concentration. For iron two such 
temperatures are the lattice Debye temper- 
ature and the ferromagnetic Curie temper- 
ature. (’hessin[26] has measured the Debye 
temperature of iron-silicon alloys at 130° and 
295°K by X-ray techniques and finds the 
lattice Debye temperature increases with 
silicon concentration up to about 7 a/o Si. 
From general arguments the Debye temper- 
ature is expected to vary as the square root 
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of the ratio of an elastic constant to the effec- 
tive mass per unit cell. Lytton[27] has found 
the elastic constants of iron to increase with 
silicon content and light silicon may be 
expected to decrease the mass per unit cell. 
Both of these variations predict increases in 
the Debye temperature with silicon concen- 
tration as observed by Chessin. On the other 
hand, the Curie temperature of iron-silicon 
solid solutions has been observed [28, 29] to 
decrease with increasing silicon content. 
This variation is in general complex [28] and 
analytical expressions for the dependence of 
the Curie temperature on silicon content have 
not been predicted. To obtain an analytical 
description of these variations, simple least 
square fits of the Curie temperature 7,., 
spontaneous magnetization the charac- 
teristic resistivity temperature 0 ^ and the 
resistivity parameter /3r were made to half 
integral powers of silicon concentration from 
i to 5. The data was generally fit best by a r- 
law and this is illustrated by the plots in Fig. 7. 

The coefficient of for the resistivity 
temperature is about 2-5 times that of the 
Curie temperature 7V, however, the sign and 
magnitude of these coefficients are the same, 
as well as the power dependence of the vari- 
ations. This factor of 2 5 would represent 
deviations of about 50 per cent if ascribed to 
errors in silicon concentration. In view of the 
correlation between intended alloy com- 
position and chemical analyses and between 
the resistivity increment per solute atom 
observed here and those previously reported, 
errors of such magnitude are not likely. Taking 
such factors into account, the resistivity 
parameter (/?,.) is roughly proportional to the 
square of the magnetization. Moreover, 
increases with 0,. in contrast to the inverse 
proportionality predicted for scattering from 
phonons. 

It must be pointed out that spin-mixing 
theory in the impurity-dominated limit 
(equation (9)) would predict a similar re- 
duction of the data if the spin mixing term 
P li (7) was either negligible or arose from the 


same scattering process as the ideal resistivity. 
If however the spin mixing arises chiefly from 
electron-electron interactions, this contrib- 
ution would not be expected to scale with the 
same characteristic temperature as the ideal 
resistivity. Bourquard, Daniel and Fert[30] 
have recently questioned if electron-electron 
collisions can be significant in producing 
deviations from Malthiessen's rule. Never- 
theless, the appropriate modifications were 
made in the computer program to reduce the 
data as 

'^(7)=^^p„,,i(a,7)T/(7) (14) 

where in this form jS,. contains contributions 
from the term due to spin anisotropy in the 
impurity scattering (first brackets in equation 
(9)). The resultant reduction was not as good 
as that obtained with equations (7) and (12) 
and showed systematic deviations with tem- 
perature. However, deviations due to elec- 
tron-electron scattering would be expected to 
be most important below 70°K where our data 
is not precise enough for such an analysis. It is 
important to mention that the best reduction of 
the data under equation (14) still shows a de- 
crease of the deviations at high temper- 
atures as is shown in Fig. 5 by the dashed 
line. 

The analysis does indicate quite clearly 
that the total thermal resistivity cannot be 
obtained by scaling the ideal resistivity of 
pure iron with temperature-independent 
parameters. Some form of deviations from 
Matthiessen’s rule are present even after 
appropriate corrections to pitieai(7) have been 
made. These deviations are temperature 
dependent but are not simply a constant 
multiple of the ideal resistivity. Moreover, 
these deviations are nearly concentration 
independent precluding any attempt to ascribe 
them to temperature-dependent scattering 
processes or to temperature dependences of 
the electronic states available for scattering. 

5. SUMMARY 

The electrical resistivity of iron-silicon 
solid solutions between 50° and 350°K show 
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unexpected negative deviations from Mat” 
thiessen’s rule. Such deviations were ascribed 
to changes in the ideal resistivity. In either 
relaxation time anisotropy or spin-mixing 
theories, deviations from Matthiessen’s rule 
in solute dominated alloys (po > 
expected to be proportional to the ideal resis- 
tivity with proportionality factors which are 
independent of the solute scattering strength 
(p„). In accordance with these two statements 
the thermal resistivity of these solid solutions 
was described well by 

where the residual solute resistivity is 
proportional to solute concentration and is 
temperature-independent. To a lesser extent 
the data could be reduced using a similar 
expression but with /(/) independent of 0 ^. 
This form is expected for spin -mixing pro- 
cesses if electron-electron collisions are 
important. 

Data reduced in cither fashion showed the 
qualitative feature of a decrease in A with 
increasing temperature above 25(f K. 

This does not seem compatible with spin- 
mixing theory as represented by equation (9) 
in which the first bracket is temperature 
independent and the temperature-dependent 
resistivities andp if (7) are temper- 

ature non-decreasing. On the other hand such 
decreases are qualitatively understandable 
as a monolonic decrease in the anisotropy 
associated with thermal scattering processes 
when analyzed by equation (7) (or (8)), Fig. 6. 
Compatible with this interpretation is the 
observation that the temperature dependence 
of the deviations (i.e. of the anisotropy) scales 
with the same characteristic temperature as 
the ideal resistivity. In noble metals[2,3] 
this behavior is associated with a decrease in 
the importance of small-angle scattering as 
longer wavelength phonons are excited. 
Consequently, we are inclined to attribute the 
deviations A(7) to the classic explanation- 
differences in the anisotropies of the various 
scattering processes. 


One of the chief arguments for the necessity 
of spin-mixing considerations appears lo be 
the large size of the deviations observed and 
consequently the large anisotropies needed to 
explain these deviations [4, 21]. A further 
test for the source of these deviations could 
involve the application of Kohler's rule to 
magnetoresistivity data. In at least one theory, 
the magnitude of the longitudinal magneto- 
resistivity at saturation depends on the aniso- 
tropy in the relaxation time of a conduction 
electron traveling in an orbit over the Fermi 
suifacc. At low temperatures where spin- 
mixing would be small, anisotropies with 
respect lo spin would not contribute to the 
magneloresistivity, whereas anisotropies 
within one band, which also give deviations 
from Matlhiesscn’s rule, would affect the 
magnitude of the saturation value. Kohler's 
rule studies in nickel alloys interpreted in this 
way suggest that for some solutes considerable 
anisotropy is present in the scattering pro- 
cesses. 

( ontinuing the discussion of the magnitude 
of the effect It must be noted that silicon has 
been observed lo give rise to much smaller 
deviation than other solutes [4]. Although 
solutes giving larger deviations might improve 
the accuracy with which these deviations 
can be measured, these solutes usually have 
smaller resistivity increments per atomic 
percent solute. Consequently, it is more 
difficult to obtain solid solutions in the solute- 
dominated condition [31]. However, both 
theories suggest that only the magnitude and 
not the existence of these deviations depends 
on the solute present. Therefore having 
observed deviations in the iron-silicon system 
we think it reasonable to expect the results for 
silicon to be indicative of those for other 
solutes in iron. 

Finally, the characteristic resistivity tem- 
perature varied with solute concentration 
in a manner similar to the ferromagnetic 
Curie temperature: both decrease, approx- 
imately quadratically, with silicon content. 
This is in marked contrast to the Debye tern- 
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perature which increases with silicon con- 
centration. The Debye temperature is 
expected to characterize the thermal com- 
ponent of the resistivity of normal metals 
for which phonon scattering is of chief 
importance. Consequently, this behavior 
suggests that the thermal component of the 
resistivity of iron is more critically dependent 
on the magnetic state than on the lattice 
dynamics in this temperature range. Theories 
[6,32] predict that the ferromagnetic state 
may affect the resistivity either by presenting 
new sources for scattering or by altering the 
electronic states available for scattering. In 
the latter case deviations proportional to 
silicon concentration would be expected, 
whereas the observed deviations clearly had 
no such dependence. On the other hand, if the 
major ferromagnetic contributions are to the 
scattering processes (either as spin-disorder 
scattering at the host atoms or as spin-wave 
induced s-d transitions [33]) then the scaling 
laws observed here would be expected. 
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PRESSURE-INDUCED PHASE TRANSFORMATIONS 
IN THE B1 Ag-HALIDES 
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Abstract~The structures which form with pressure from the Ag-halides in the B I -type have been 
investigated using X-ray powder diffraction techniques. It is proposed that AgCI transforms to a 
cinnabar (B9) type structure with c = 7 02 k,a = 4 06 A and cja = 1 -73 and a AK/Uo at the transition 
of 8 per cent. This structure is stabilized due to overlap of electron orbitals resulting in the formation 
of two highly covalent collinear-bonds AgBr transforms to the same structure with a volume change 
of the same magnitude, but at a slightly lower pressure. The structure to which Bl-AgI transforms at 
97kbar is suggeslod to be tetragonal with - 5-611 A, c- 5 020 A with S.VIV^ at the transition 
approximately 13 per cent. Electrical conductivity measurements indicate that this transformation 


also involves a signihcanl change to more covalent 

INTRODUCTION 

The structural changes involved in the 
polymorphic transitions of NaCI-type (Bl) 
structures with pressure have been the subject 
of considerable experimental effort and 
speculation. The most commonly postulated 
high-pressure structure has been the CsCl- 
type (B2) structure, mainly because of its 
higher cation-anion coordination. X-ray 
diffraction studies have indeed shown this 
to be the case in the alklai halides, except 
where the B2 structure is stable at atmo- 
spheric pressure due to cation-anion ionic- 
radius ratio. Such is not the case with the more 
covalently bonded Ag-halides. Jamieson and 
Lawsonfl], using in-situ X-ray diffraction 
methods, showed that AgCl did not transform 
to this structure from the B I -type with pres- 
sure. Although actual identification was with- 
held, they suggested a tetragonal structure 
analogous to Hg 2 Cl 2 . Bassett and Takahashi 
[2] showed that the Bl-type Agl did not 
transform to a B2-type. They were unable to 
index their high-pressure patterns. 

I his paper presents the results of high- 
pressure X-ray diffraction work on the Ag- 
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bonding. 

halides, designed to determine the nature of 
these transitions. Bridgman [3] reported 
volume discontinuities at reported pressures 
of 88kbar in AgCl and 84kbar in AgBr at 
room temperature. These were the only 
transitions reported on compression of the 
Bl-type atmospheric pressure phases. Based 
on comparison with a Bi transition at 88 kbar, 
Montgomery [4] placed the transition in AgCl 
at 76 ±2 kbar at 25T. Bridgman’s [3] com- 
pression of the wurlzite (B4) modification of 
Agl showed a transition at about 3 kbar to a 
phase previously identified from a mixed- 
phase pattern [5] as the Bl-type. Later, Van 
Valkenburg[6] showed the existence of two 
transitions in this region, the first to a PbO- 
type (BIO) structure [7], Slykhouse and 
Drickamer[8] reported an optical transition 
in Agl at 1 10 kbar but later revision[91 
decreased this value to 97 kbar. These results 
partially reflect the present uncertainty in 
absolute pressure determinations in the 50- 
100 kbar range. 

EXPERIMENTAL PROCEDURE 
The apparatus and techniques for in-situ 
high-pressure X-ray diffraction studies have 
been described in detail [10], Briefly, Zr 
filtered-MoKa radiation is collimated on a 
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been diluted with amorphous boron to mini' 
mize absorption. The sample is pressurized 
between two tungsten-carbide anvils inserted 
through the top and bottom of a 1 14*6 mm 
Debye-Scherrer camera. Pressure is main- 
tained and extrusion prevented through the 
use of a boron annu/us, which permits the 
passage of X-rays. The technique was 
occasionally modified by utilizing a pre- 
compressed boron annulus, thereby reducing 
sample deformation and decreasing the width 
of diffraction lines. AgCI was reagent grade 
obtained from Allied Chemical, AgBr was 
as obtained from D. F. Goldsmith Corp. and 
Agl was from Mallickrodt and of unstated 
purity. 

The electrical conductivity measurements 
were made in the same apparatus as that used 
for X-ray determinations except that the 
samples were not diluted with boron; and 
polystyrene, as well as the usual boron, was 
used at times to confine the sample. The 
current source and resistance network has 
already been described [ 1 1], 

RKSLIfTS ANt) DISCUSSION 

AgCI 

As pressure is increased the cubic Bl- 
pallern of the low pressure phase is replaced 
by a non-cubic set of lines and this new pattern 
is stable to the highest achieved loads (esti- 
mated to be somewhat less than 15()kbar). 
Upon release offorce this high-pressure phase 
reverts completely to the atmospheric form. 

A weak 2-363 A line is observed in the lifter 
pattern, its absolute intensity increasing with 
the total time that the sample has been 
irradiated. Since this line is observed only in 
the after pattern and not In the starting material, 
it is concluded that interaction of the AgCI 
with X-rays serves to produce phonons which 
reduce silver-ions to produce the III Ag- 
metal reflection. The AgCI high-pressure 
pattern (Table 1) can be indexed as a hex- 
agonal structure with c = 7-02 A, u = 4-06 A 
and c7u=l*73. Of the several hexagonal 
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AX-type compound analogues, only the 
HgS-type (B9) structure (Z--3. fV-T3,2] 
space group) meets the density requirements 
for conversion from the B I -structure after 
70-90 kbar of compression [3]. The calculated 
intensities in Table I were computed using the 
atom positions in normal cinnabar (HgS); 
w- 0-720 (Ag) and 1 )^ 0-485 (Cl). 

T he citi ratio of 1-73 is lower than that of 
Ideal HgS {cla = 2-28). Other compounds with 
this structure show cla ratios of from 2*05 in 
the high-pressure form of HgTe[12] to 2*42 
for HgO at I bar and 25T. The calculated 
intensities in fable I show several departures 
from observed intensity values. The 003 and 
203 lines should be too weak to be observed 
at all and the 111 and 212 reflection should 
perhaps be observed, which they are not. The 
two former anomalies may be explained by 
the presence of free Ag as mentioned before 
since Ag at a compression of 0*93 will have its 
1 1 1 and 220 diffraction lines at 2-287 and 
1-406 A, respectively. Hence these lines may 
be assigned to free Ag rather than AgCI. This 
compression of Ag corresponds! 1 3J to a 
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0-014 in dia, cylindrical sample, which has 
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pressure of 92kbar, consistent with our 
pictures being taken well above the transition 
pressure. 

The B9 structure can be derived from the 
B I -structure [14] by distorting the cubic anion 
lattice and repositioning the cations so as to 
attain more efficient packing along two of the 
original axes at the expense of the third. The 
cation-’anion coordination is still 6 but with 
two very near, two intermediate and two 
furthest anion neighbors around each cation. 
This results in helical metal-anion chains 
running parallel to the c axis. Ionic Ag is 
significantly larger than Hg while ionic Cl is 
only slightly smaller than S and since the four 
longest cation-anion bonds in the B9 structure 
are very close to being in the [Oil] plane, 
this may account for the low da. The atom 
position-parameters were varied to try and 
obtain a better fit to the observed intensity 
data. In particular the 2 1 2 intensity is strongly 
dependent on the Ag parameter and diminishes 
rapidly as Ag is moved toward the cell edge. 
With a = 0*75 and i; ~ 0*450 the intensity of 
212 reflection is decreased to one-half that 
of the 204. Hence it is likely that the atom 
position-parameters deviate from ideal in the 
above manner. 

The transitions of a B9-type structure with 
pressure in the group VIA compounds of Hg 
arc from ZnS-type (B3) 4-fold coordinated 
structures. That AgCI apparently transforms 
to this structure from one that already has 
6-fold coordination deserves some comment. 
Compounds either crystallizing with the B9- 
form or attaining it under pressure are notable 
in that they are only moderately ionic in 
character as opposed to the typically ionic 
alkali halides. This fact has been pointed out 
by Jayaraman et «/.ll5] who characterized 
these AX-compounds as intermediate between 
the metals and ionic crystals, based on the 
difference in electronegativity (AEN) of the 
constituent atoms and showed that they prefer 
the distorted B9 arrangement to the ideally 
ionic B1 structure. The Ag-halidcs fall very 
close to the boundary between ionic and 


intermediate types. That they exist in ionic- 
type structures (Bl) as well as intermediate 
types (B3, B4 and BIO for Agl) is in agree- 
ment with this concept. As pressure is in- 
creased on an ionic type (Bl) structure, \EN 
will decrease as bond orbitals overlap to a 
greater degree until, barring a transformation 
dictated by space requirements, a structure 
more covalent in nature becomes energetically 
stable. The B9-type, considered as a simple 
distortion of a B I -type, is such a structure. 
Of the three Ag-CI distances in the B9 struc- 
ture (approx 2*0, 2*9 and 3- 1 A, compared with 
2*61 A in a Bl-lattice at their equilibrium) one 
is so short as to necessitate a strong covalent 
bond, while the other two in all probability 
are essentially ionic with their length dictated 
by the structure. To possess the two nearly 
coliinear covalent bonds required by the B9- 
structure the Ag atom must utilize at least two 
of its electrons or have one donated from Cl. 
In the B9 structure of HgS, Hg has two bs 
electrons with which to form bonds. However 
with only one 5.^ electron, Ag, would have to 
make use of an additional electron from its 
4d sub-shell. Orgel[I6] has shown that the 
tendency of Ag to occur in a linear environ- 
ment is correlated with the small d-s separa- 
tion in the Ag atom and that the loss in electro- 
static energy due to a smaller number of 
neighbors is more than compensated by the 
stabilization due to d-s mixing in a low- 
symmetry environment. The bonds from the 
anion in the helical chain in the B9-struclure 
are slightly greater than 90° and presumably 
represent utilization of p Cl orbitals. Thus the 
transformation from the Bl- to B9-structure 
in AgCi may be considered to be due to in- 
creased overlap of electron orbitals as pressure 
is increased, until two covalent bonds are 
formed. Although the overall cation-anion 
coordination is unchanged, the increased 
strength of two of the bonds from each cation 
is compensated for by a slight relaxation in 
the remaining four bonds. 

The cell parameters in Table 1 give a molar 
volume k'p = 20*12 cm* mole"’. With the 


m 
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volume at the transition V/ - 22- cm mole 

from Bridgman’s compressibility datalJJ, 

^y==y,-V^ = 2 0l cm'' mole This AT is 

the combined volume change at the transition 
and any voiume decrement due to compres- 
sion of the B9 structure. With 
mo/c-', is 0*078 compared with 

Bridgman’s at the traasition of 0*016. 

The smallness of Bridgman’s value is very 
likely due to his having achieved only partial 
transformation due to the sluggishness of the 
transition near the upper limit of his pressure 
range. We prefer our value. 

The tetragonal Hg^jCl. structure suggested 
in earlier work by Jamieson and Lawson ( 1 1 is 
not borne out by the present results where 
pattern quality is much improved. There is 
good correlation between d-spacings from 
both sets of data, however in the earlier work 
only five lines from a new phase could be 
separated from the Bldines. This led to the 
fallacious suggestion. 

AgBr 

Although the pattern.s obtained from AgBr 
arc quite inferior to those of AgCI due to 
sample absorption, three lines can be inde.xed 
as the hexagonal 101 at 3* 16 A |m-), 102 at 
2*49 A (mT) and 1 10 at 2'02 A (w+l. These 
may be satisfactorily fit by ^/”4*()A and 
< — 7' 15 A. It is felt that this, combined with 
an absorption edge shift in AgBr at the 
transition similar to that in AgCI [8], is 
sufficient to indicate a B9-slructure for the 
high-pressure form of AgBr. The mechanism 
of transition would be identical to that 
hypothesized for AgCI. The indicated da. 
1*77, is slightly larger than that for AgCI. 

It is difficult, due to the poor patterns, to 
attain accuracy better than ±1 per cent in cell 
volume calculations, it is fairly certain, how- 
ever, that the volume change at the transition 
is significantly greater than Bridgman’s[131 
AL/To of 0-01 1 for the same reason as in AgCI. 

Agl 

Several investigations have previously 
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1 assigned the B I -structure to Agl above about 
4kbarl2.S,in In Table 2 we present a 
complete indexing of a pattern taken in the 
appropriate pressure range, The reason for 
presenting thi.s data for a structure which 
seems already well established is to call 
attention to the small differences to be expec- 
ted between d„i,^ and for a known 
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struclure and also to have available numerical 
d values for use in discussing patterns taken 
of Agl above its 97 kbar transition. The 
lattice parameter u = 5*815 A obtain- 
able from this Bl indexing corresponds 
to a pressure of 62 kbar using the cel! edge 
data of Bassett and 7'akahashi[3]. The only 
available line from free Ag at 2*335 A is in 
qualitative agreement with this pressure! 13|. 

The pattern obtained when Agl is com- 
pressed through its easily reversible transition 
at 97 kbar cannot be indexed as a B9-lype 
structure. In Table 3 we present our data on 
this phase (or phases) together with that of 
Bassett and Takahashifl]. At first glance 
there seems to be significant differences 
between the two sets of data and the pos- 
sibility that the two patterns represent two 
distinct phases or assemblages of phases 
cannot be discounted. Indeed on the right 
hand side of Table 3 we present an indexing 
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Table 3. Diffraction patterns of Agl above 
\00kbar 
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of a portion of their data as a B I phase which 
is highly precise, a = 5-773 A corresponding 
to a pressure slightly above 70kbar The 
strong 220 is missing, an effect which may be 
hypothesized as due to orientation in their 
stress system. No such interpretation may be 
made of our patterns but a much stranger set 
of systematic relations does appear in that for 
r/ = 5-6IlA calculated values for d from 
d^ul\^N may be obtained that are well 
within our experimental error except for one 
exceedingly weak reflection at 1-716 A which 
may be entirely due to boron diffraction. The 
presence of the N value 7 precludes this 
indexing being truly cubic, while the presence 
of 7 and 14 together makes it impossible to 
choose a larger cubic cell. Using the cell data 
of Bassett and Takahashi[2], the Bl phase 
would have a = 5*660 A at lOOkbar. This 
might lead one to suspect that at least some Bl 
phase is present and influencing the intensities 
and positions of lines such as 2*827, 1*982 or 
1'405 A. The absence of the expected 222 
reflection (cf Table 2) suggests that the 
quantity present is small. Returning to Table 
3, a glance at the values for N reveals that a 
great majority can be represented as 
while very few can be represented as /j^ + 
hk + k'^ where h and k are integers. This 


immediately suggests tetragonal symmetry 
for a phase oriented so that reflections A/cO 
are accentuated. On this hypothesis we choose 
c/ = 5*6I1A and demand that a reasonable 
volume change be obtained from the volume 
27-2 cm^ mole"’ characteristic of the Bl phase 
at 100 kbar. For a 4 molecule cell this is found 
at c = 5*020 A or c/ci = 0*894 which gives a 
volume of 23•7cm^mole■^ a change of 12-8 
per cent at the transition in excellent agree- 
ment with Van Valkenburg’s[6] estimate of 
1 0-20 per cent. This tetragonal fit is displayed 
in Table 4. All of our lines (SJ) could be fit by 
halving c and claiming two molecules per ceil. 


Table 4. QuasTtetraf^onal fit of 
high Agl 
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However this would rule out what we believe 
is one of the strongest arguments for accept- 
ing this simple picture. The cell parameters 
were obtained only from SJ data, yet on com- 
pleting a full tetragonal calculation it was 
found that they also fit the data of Bassett 
and Takahashi completely with the exception 
of their reflection at 2*656 A if reflections with 
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/ odd were accepted. To sum up. what we are 
sugge^sti^g is that a composite pattern may be 
obtained from the SJ and BT data. Both sets 
of data have been taken on highly oriented 
samples. Jn their case the X-ray beam passes 
parallel to the direction of applied force while 
in our case the converse is true. Since we are 
dealing with probable oriented samples in two 
different sets of apparatus it does not seem 
wise to try to suggest a more detailed structure 
using intensities and systematic absences, but 
the small numerical deviation of the tetragonal 
cell edges from cubic is similar to that in the 
known orthorhombic distortions of Bl in 
TIIorSnS[14, 18]. 

The electrical conductivity <r of Agl in its 
high-pressure phase was measured to check 
the data of Riggleman and Drickamer[9] and 
to carry the data of Schock and Katz 1 1 1] past 
the 97 kbar transition, in the hope that the 
pressure dependence of tr would shed further 
light on the type of structure that exists in 
this region. Due to the small sample size, no 
attempt was made to quantitize the data and 
instead fr/fjf, was continuously plotted as a 
function of pressure. As pressure was in- 
creased, good qualitative agreement was 
obtained with the results of Schock and Katz. 
As the 97 kbar transition was approached rr 
decreased with increasing pressure, dcr/dT 
likewise decreasing. At the transition a sharp 
decrease in cr. estimated to be 2-3 orders of 
magnitude, was observed. This result is in 
agreement with the observed blue shift [8] and 
sharp resistance increase [9] at these pressures. 
Above the transition a increases rapidly at 
first, with dcrldP decreasing, with increasing 
pressure. The behavior below the transition 
is characteristic of ionic crystals where the 
charge is carried by diffusing ions, the activa- 
tion energy for diffusion increasing with 
pressure. Above the transition, the behavior 
resembles that of a semi-conductor, the band- 
gap energy now being less than the activation 
energy for diffusion and decreasing with 
pressure. These results suggest that the transi- 
tion in BI-Agl is, like that in AgCI, from a 
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ionic crystal to one that is 
covalent in character. That the 
to the B9 structure must result 
from either atomic size or the inherent proper- 
ties of the silver-iodine bond. Since HgTe, 
with a tellurium atom slightly larger than 
iodine, can exist in the structure [1 2], it is 
doubtful that size alone is the determining 
factor. Hg and Ag atoms are very nearly the 
same size. 

T he outer electrons in iodine are in the same 
shell as those of Ag and the compound Agl is 
expected to have a much lower contribution 
from ionic bonding than AgCI, With one more 
electron than Te in the well shielded 5p shell, 
the iodine atom is highly polarizable. These 
characteristics of the iodine atom may cause 
the BI configuration not to transform to the 
B9 structure and to be stabilized to higher 
pressures at room temperature than either the 
chloride or the bromide. Periodic properties 
generally predict that as mean atomic number 
is increased in a group or isoelectronic com- 
bination of groups, identical structures 
become unstable at successively lower pres- 
sures, with high-pressure forms represented 
by the heavier materials. For example, com- 
pare AgCI and AgBr, and the B1-B2 transi- 
tion in NaCl (300kbar)[]9], KCI (18 kbar) 

1 1,20], and RbCI(5-3kbar)[20]. 

The specific structure stabilized in Agl at 
100 kbar cannot be uniquely determined from 
the data available. It is likely that more 
refined work, perhaps including high tempera- 
ture-high pressure determinations, may be 
necessary to delineate this structure. 

In summary, Bl structures having small 
differences in the electro-negativities of their 
constituent atoms, appear to transform to 
structures in which at least some of the bonds 
are highly covalent. The inherent stability 
of the B I -type lattice is therefore a function 
of ^EN and a lattice constant-atomic radius 
parameter, as well as the familiar cation-anion 
radius ratio. 

/ickfwwh'd^'cnients would like to acknowledge the 
donors of the Petroleum Research bund administered 


predominantly 
predominantly 
fninsition is nOt 



BI Ag-HALIDES 


1533 


by (he American Chemical Socieiy and NSF Grant GA- 
1270 for support of this work, We are grateful to J. 
Michael Bennett for providing the necessary computer 
programs. 

REFERENCES 

I JAMIESON j. C and LAWSON A. W.. J. appl. 
Phvs. 33.776(1962). 

2. BASSETT W. A. and TAKAHASHI T,, Am. 
Miner. 50, I .*576 ( I96.S). 

3 BRIOGMAN P. W , Proc. Am. Acad. Aris Sa. 76, 
(1945). 

4. MONTGOMERY P. W., Am. Soc. Mech. En^^rs 
Paper 64, WA/PT-I8(1964). 

5. JACOBS R. B.. Phys. Rev. 54. 325 ( 1 938). 

6 VAN VALKENBURG A., J. Res. natn. Bur. 
Stand. 684,97(1964) 

7, MOORE M. J. and KASPER J. S., J. chem. Phvs. 
48,2446(1968) 

8 SLYKHOUSH T. E. and DRICKAMER H. G., 
J Phvs Chem. Solids!, 2{)7{m^}. 

9. RIGGLEMAN B M and DRICKAMER H G. 
J. chem. Phys. :^H,212\{\m). 


10. JAMIESON J. C., In Meiallurfty at Hif(h Pressures 
and Hifih Temperatures (Edited by K, A. Gschncid- 
ner et ai), pp. 201-228. Gordon and Breach, New 
York (1 964). 

11. SCHOCK R N. and KATZ S., J. chem. Phys. 48, 
2094(1968). 

12. MARIANO A. N. and WAREKOIS E. P.,.S(icnfe 
142,672(1963). 

13. CLARKS, ? AieoiSoc.Amer.Mem.^1 (1966). 

14. WYCKOEE R W. G., In Cry.stal Structures. 2nd 
Edn . Vol. 1 . Inierscience, New York ( 1 963) 

).*?. JAYARAMAN A.. KLEMENT W Jr, and 
KENNEDY G. C., Phys. Rev. 130, 2277 ( 1 963). 

16. ORGELL. E./(7ipm.5\;f.4.4186(l958). 

17 PIERMARINI G J. and WEIR C. G, J. Res. 
natn. Bur. Stand. 66A, 325 (1962) 

18, KAKALAS, J A. and MARIANO, A N , Sdcnce 
143,952(1967). 

19 BASSETF W. A , TAKAHASHI 1. MAO M. and 
WEAVER J. S . y. appi. Phvs. 39, 2 19 ( 1968). 

20 PISTORIUS C W. F. T. J. Phvs. Chem. Solids 25. 
1477(1964), 


M 




J, Phvs. Chem, Solids Pergamon Press 1969. Vol. 30, pp. 1535-1 547. Printed in Great Britain, 


SUPERHYPERFINE INTERACTIONS IN THE EPR 
AND UPR SPECTRA OF CaF^iU'" 
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Abstract— Satellite components have been observed (at 9*0 GH?) in the EPR and UPR spectra of 
raE2:U^^ in sites of C,i,, symmetry, and interpreted on the basis of a theoretical model as super- 
hyperfine structure. This structure is due to the inleraction between the substitutional U"*^ ion and ils 
eight nearest neighbor F' nuclei. Interpretation of the experimental results on the basis of the model 
indicates that the .vA/interaction is anisotropic and arises predominantly from the direct dipole-dipole 
interaction. The 2p„-overlap contribution 5/il is within the range 0 ^ ) 5^ 0 4 G 


I. INTRODUCTION 

The ORiciNALinterest in uranium doped CaF^ 
was based on ils laser properties. Recently 
many forms of CaFjiU other than the laser 
material CaF2;LJ*^^ have been discovered. In 
particular, a very strong interaction has been 
observed between microwave phonons and 
the non-Kramers U^Mon|l]. 

The free ion has a ground state 

which is split by the cubic crystalline field of 
CapD so that a T> triplet lies lowest. Although 
the presumably enters CaF^ substi- 
tutionally for Ca^^, nearby charge compen- 
sation or a static Jahn-Teller effect introduces 
a distortion along a |111) direction which 
splits the triplet into a singlet and a doublet. 
Spin relaxation studies indicate that the singlet 
IS at least benr* above the doublet[21. 
Irrespective of the fact that no influence of the 
singlet upon either the EPR or UPR spectra 
has been observed, an effective spin of one 
formalism is necessary because of the non- 
Kramers character of the U^^ ion, i.c. the 
ground doublet can be split by crystalline 
fields of lower than trigonal symmetry. Thus 
the spin Flamiltonian which describes the 
interaction, within the ground triplet, of the 
magnetic electrons with the applied magnetic 
field and the crystalline electrostatic field is 

+ D[S/-i5(5+l)] + 2:T,SA, (1) 


where the axis of quantization is the trigonal 
axis of the U^^ site.’*' The effects of local 
random strains are represented by the fourth 
term in ( 1 ). where the are linear in the strain 
components. This term is a perturbation to the 
Zeeman terms and the third or axial crystal 
field term, where |D| > 6 cm Under the 
conditions of the experiment described here 
only transitions within the ground doublet are 
observed. Hence, to first order in the ry. 
equation ( 1 ) gives for the A = ±2 transitions 

h = ( 2 ) 

as the condition for resonant absorption. It is 
to be noted that the AMs = 2 transition is 
allowed in UPR but forbidden in EPR. The 
effects of the random strains in equation (1) 
are first, to give some character to 

the transition, thus giving a non-zero EPR 
intensity for the microwave magnetic field 
parallel to the trigonal axis; and second, to 
broaden the UPR and EPR absorption lines to 
lower values of f/,, thus giving an asym- 
metrical line shape with the sleeper slope on 
the high field side, as is experimentally 
observed fl]- A theoretical and experimental 
comparative study of the UPR and EPR 


^The spin- 1 formalism for non-Kramers doublets was 
first suggested by R. Orbach and applied to the inter- 
pretation of magnetic resonance of CaFjiU*' by 
WETSEL G. C. and DONOHO P. I .. Ph\s, Rev 139, 
A334(I96.5). 
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vStrain broadened line shapes is the subject of a 
future publication [3 J. 

Splittings of both the EPR and UPR lines 
have been reported [4]. The model for the 
ion represented by equation (1) does not 
explain this behavior We report in this paper 
studies involving both EPR and UPR of 
these splittings, and propose an explanation 
for them in terms of superhypertine inter- 
actions between the U^’ ion and its nearest 
neighbor fluorine ions, 

2. THEORY 

2.1 SHF interactions 

We consider only the eight fluorines that 
are nearest neighbors of the U*^' impurity ion, 
assumed substitutional for the ion. Al- 
though a local trigonal distortion is indicated 
by the electronic spin Hamiltonian (1), the 
U‘^^ site is assumed to be an inversion center. 
Thus, the neighboring F ligands are magneti- 
cally equivalent in pairs about the impurity 
site for arbitrary direction of the field H„. For 
the a’" fluorine (a = 1 ..... 8) we must add to 
equation ( 1) the Hamiltonian 

-K (3) 

where the tensor A" represents the electron- 
nuclear spin coupling and the second term is 
the nuclear /eeman term. In the coordinate 
system detined foi equation (I), there are no 
terms in equation (3) that couple the states of 
the ground doublet of the ion, provided 
we neglect the eflects of random strains, Thus, 
the contributions of the nuclear spins may be 
found by diagonali/;ing only within a given 
manifold. 

In order to specify the A * tensor in terms of 
its principal components, we choose a coordi- 
nate system fixed at the fluorine nucleus 
with coordinates tt, /x, o’, where a is the axis 
coincident with the bond axis between the 
fluorine and substitutional U’" ion and tt and 
fjL are orthogonal axes perpendicular to the 
bond axis. These are chosen such that the 
bond axis, a, the trigonal axis of the site z and 


TT lie in the .same plane. This is shown in 
Fig. 1(a), where 0 is the angle between the 
bond axis cr and the trigonal axis z. 


z 



Fig. I (a) Relationship between the principal axis system 
for the interaction tensor A'‘, (7r,;A,(r), and the coordinate 
system (.r.y, where c is the symmetry axis of the 
inipurily site The bond axis cr, the symmetry axis z> 
and TT lie in the same plane, (b) Relationship between the 
applied field direction r' and the coordinate system U.y, 

where is the symmetry axis. The axes i',y and z all 
lie in the same plane (c) Angular relation between the 
direction of the iniliiil total field at a given fluorine 
nucleus and the dnection of the final total field H/ 
corresponding to the electronic spin transitions M, 
- - 4 1 respectively. 

If we neglect any distortion of the F^2p 
electronic wave functions due to the lower 
symmetry of the impurity site relative to the 
Ca ion sites for the pure crystal, the (tt, /ut, a) 
system is a principal axis system for the inter- 
action tensor A“. Thus, dropping the super- 
scripts a, equation (3) can be written in the 
form 

(4) 

Taking the symmetry axis e of the impurity 
site as the axis of quantization we look for the 
transformation T which transforms the elec- 
tronic and nuclear spin components from the 
system to the system From 

Fig. KaJ 
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fCOScj} 0 “sin<#>\ 

!((/>)= 0 1 0 (5) 

0 cos<() / 

which gives, for contributions from the z 
component of the electronic spin, 

Stj = 5pi = 0, SfT - SgCOiitfi, (6) 

and for the nuclear spin variables 

K- lx cos 0-/^ sin 

I V (7) 

= /j,sin</) + /^ cos</>. 

In order to simplify the transformation 
equations for the nuclear spin components, we 
define a new coordinate system (jf, v.z) in 
terms of the system (jr,y,z) as shown in 
Fig. l{b). The barred system is chosen such 
that 7 and z are coincident and y lies in the 
same plane with the applied magnetic field H*’ 
and the axis z. This defines an angle tjj between 
the -v and x axes which is invariant for any pair 
of magnetically equivalent fluorines provided 
the field Ho is always in the (iTO) plane and 
the site axis z is in the [ill] direction, which 
are the experimental conditions being 
described. The angle 0 is the angle the applied 
magnetic field makes with the trigonal axis z. 
For the fluorine pair along the [ 1 iT] direction 
(f>= 0°. For the fluorine pair along the [111] 
direction in the plane of Ho and nil. 

For Ho in the (iTO) plane the four F" nuclei 
out of the plane are magnetically equivalent 
withi|/ ^ 75-5°. 

If z' denotes the axis along which the 
applied field Hy is directed, the component of 
the total nuclear spin 1 along this axis is 
obtained from Fig. 1(b), 

/j' = - /.r sin sin 0 + ly cos sin 0 T cos $. 

( 8 ) 

Noting that in the principal axis system, 
(tt, /Li, O’), the symmetry of the p and s orbitals 
of the F" ion demands that there be only two 


independent elements of the tensor A, i.e., the 
perpendicular component to the cr-bond axis 
Ai and the element parallel to that axis A\\. 
we have for the Hamiltonian (4) 

^ = [('^m^j.)sin<^cos<f>,S', 
+‘y„//oSin0sin<//]/j. 

- [y„//o sinUcosi/#]/^ 

T [(A^A (An-A^) 
Xcos=^0)5,~y„//„ cos e]l,. 

(9) 

The neglect of the 5^ and S- terms in 
equation (9) is based upon a perturbation 
approximation, valid for the UPR[1] and EPR 
[4] spectra, that the electronic singlet exerts 
no influence upon the transitions within the 
ground doublet. Equation (9) can be written 
in terms of the raising and lowering operators 
as 

jr= {A,Sg + B,){h + l_)-iB.A! -K) 

+ {A,Sg-C)Ig (10) 

where 

Ai J sin(f)C0S(/} 

-^Yn/Aisinf^sini// 

A. = A^~t{Au-A,)cos^ (II) 

Bi = iy„//nsin flcosi(f 

C -ynHoCOs^O. 

We thus have the resulting matrix elements 

Ws) = + 

Diagonalizing within the manifold we have 
the characteristic determinant 
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jHAM-C) -E {A,M, + B,)+iBi j_ 

j- U 

{AyM, + B, ) -iB-i ~HA;M, - C)-B I 

(13) 

and the corresponding characteristic equation 

E- - J (A^M, -f C ) “ -h + (14) 

The contribution to the energy due to the 
superhyperfine interaction is therefore 

E(M^, m,) — f (/t|,“~/4 /') COS-0 

T IM A Y )yJ^z 
X sin 0 cos 0 sin 0 tan 6 
-2MXA, f J cos^0j 

+ il.M 

where H. is the component of the applied 
field H„ along the symmetry axis, of the 
site. 

C onsider now the Hamiltonian form for ^ 
specifically in terms of the l ermi .V-conlact, 
2/?,rt^veilap. and direct dipule-dipole inter- 
actions. We will neglect overlap contributions 
from (he 2p functions other than the com- 
ponent directed along the F -U*’ bond axis. 
The shf interaction Hamiltonian for the fd'’ 
(liionne is (5] 

y ■ ' /I^S ‘ I + {A,j I Ad) 

.V,/,.(3 cos’f^^,, - I ) (16) 

i rr,M,(r 

where A^ is the interaction parameter for the 
isotropic interaction of the electronic 

wavefunctions with the i.v and 2.v functions of 
the fluorine ligand, A,f and An are the Ipa- 
overlap and direct dipolc^dipole contributions 
respectively, and is the angle between the 
/ axis and the o-bond axis. 

If the transformation equations (6) and (7) 
are used and the indicated summation is 
performed, equation (1 6) becomes 

W = + /I/.I (3 cos “0 - 1 )SA, 

+ 3/l/*sin0 COS0 5^/j.] (17) 


,r=S'A-i 

By using the transformations (6) and (7) this 
becomes 

S • A ■ r -- [//^^sin*V/:j+/^'^'"cos-0]AV, 

-i sin0cos0 A/r- 09) 

C omparing equations (17) and (19) we have 
the relations 

A^^ sin-0 f == A,-hAn(3 cos^0 - I ) 

0 -3/1,. sin 0 COS 0, 

( 20 ) 

Solving the two simultaneous equations (20) 
for /F"’ and A‘’'\ and writing A'^"==Au and 
A I yields 

A'^'^-^A, ^A,-h2Ar 
and 

A----A^^^A^--A,~An. ( 21 ) 

The excess charge of the U ion would tend 
to distort the 2/v wavefunctions toward (he 
impurity ion producing a higher spin density 
for these eieclronic wavefunctions in the 
vicinity of the paramagnetic electrons. Thus, 
the anisotropic overlap is expected to be much 
more dominant than the isotropic. Neglecting, 
then, overlap with the Fv and 2.^ F“ electronic 
wavefunctions. /!, = () and equations (21) 
become 

Air'-2Ar 

A,~~Ar. ( 22 ) 

The Hamiltonian (9) can now be written as 
- [3/1 /> sin0 COS0 ^v + y^/yosin^^ sin0)/^ 

- [y;,//,, Sin^COS0]/y 

A- [/!,.( 3 cos^0 — I J.S\— yrtZ/oCOs 

(23) 

and the contribution to the energy (15) 
becomes 
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E(M„ m,) = + 3cos^4i] 

+ 2M,Apy„Hi 
Xsin<^cos0sin(/F tan^ 


the initial spin states for an equivalent pair 
of nuclei, say j — m and j = «, form a direct 
product space spanned by the product 
functions 


(24) 

With the applied magnetic field Ho in Ih^e 
(110) plane and the trigonal axis in the [111] 
direction, there are three magnetically in- 
equivalent sets of F" nuclei which interact 
with the ion. These are the pair along the 
site axis, [IlT], the pair along the [111] 
direction which lies in the plane of Hq and 
the site axis [IlT], and the four nearest 
neighbors out of this plane. The angular 
dependence of the contribution of each of 
these sets of equivalent nuclei to the splitting 
of the electronic non-Kramers doublet was 
calculated from equation (24) and is presented 
in Fig. 2. The contribution to the interaction 
parameter Ap for each of the magnetically 
equivalent fluorine nuclei is that discussed in 
Section 5. Here, the energy level splitting is 
represented in frequency as a function of 
angle and gives the frequencies expected 
from an Endor experiment on CaFgiU^^ 
corresponding to the selection rules AM, = 0, 
Aw/ — ±1. 


(27) 

Let the angle between the initial and final 
total field directions at an F“ nucleus be 
Then the unitary transformation that trans- 
forms the spinor functions aj and j3j from the 
coordinate system where z' is along the 
direction of to the system where z'" is 
along the direction of H/is, from Fig. I (c), 

ll(^) = exp[-/^/2n.(i-] 

^cos (l2-i(ry sin ^12 (28) 


or 



- sin ^/2\ 
cos ^/2/ 


(29) 


Thus, the nuclear spinor functions of an 
equivalent pair transform from the initial to 
the final state as 


a„fitn a;^„cos‘^/2 + j3„j9„sin^^/2 
"Fi(flrn0n"F Siu^ 


2.2 Calculation of the transition probabilities 
The interaction Hamiltonian for each 
fluorine can be written in terms of the total 
magnetic field Uj at the fluorine ligand site, 

(25) 


^ sin2C/2 + )8,,j3. cos2{/2 
OtnSn COS -^/2 - sin ''^{/2 

oCftfiCfi) sin^ 

Prrfitn^OS^il2-am^„S\n%l2 

sin 


where i and / denote the initial and final state 
respectively, corresponding to the electronic 
spin transitions AM, = ±2. If we denote the 
the initial spin states for the y*'’ nucleus of total 
spin / = iby 

aj = Q and |8 j = Q (26) 


The shf splitting of the electronic states 
by an equivalent pair of fluorine nuclei is 
presented schematically in Fig. 3. The relative 
transition probabilities for the electron-nuclear 
transitions are given in Table I in terms of the 
angle Thus, the ratio of the satellite in- 
tensity, p, to that of the central line, is 
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M|* 1 0 ' ® m 

@ * I 


@ -I 

0 a„ /3„,/S„ 

® +' “n“m 

Fig. 3. Schematic representation of the shf splitting of 
the electronic states by an equivalent pair of fluorine 
nuclei. The numbers on the left conveniently label the 
various energy levels corresponding to the indicated 
nuclear spin slates. 


Table I 


Transition 
from Fig, 3 

!AW,I 

Relative transition 
probability 

4^3 

0 

cos^{/2 

6 ^ 1 

0 

cos't/2 

6^3 

2 

sin'‘^/2 

4^ 1 

2 

sint/2 

5 2 

0 

2(cos'‘^/2 + sin‘^/2) 

4 -+ 2 

1 


3 

] 

4 srn^C 

5 1 

1 

4 sin^C 

6^2 

1 

4 


for the transitions, AW/ — 0, ±1, 

±2 respectively, 


^2 cosXI2 
" 2(l-isin^O 

_ 1 sin^^ 

‘ 4 (l-tsin'-'^) 


(31a) 


(31b) 


gonal axis and Hj_ is the perpendicular com- 
ponent. Thus, in terms of the initial and final 
electronic states 





(33) 


where / and / correspond to = +1 

respectively. The total field is defined in 
terms of the shf and nuclear Zeeman inter- 
actions, 


-y„H,-I-lS-A-yA]'I. (34) 

First, consider the equivalent fluorine pair 
along the [III] direction. In this case <(>= 0 
and from equation (23) 

~y„M„(/2Cosd + /j.sinO) (3.5) 

giving 


= 2AiM, - y„Ho cos 0 
sinfl. 


(36) 


So, for only anisotropic contribution to the 
■v/i/interaction. 



y„H 2 tan e 
2A,.M,-y„H, 


'. (37) 


For the equivalent pair of nuclei located along 
the [111] direction. <f> = 70-5° and i/» = 7r/2. 
Thus 


and 


^ I sin^^/2 
2(l-hin'0' 


(31c) 


We define now an angle such that 


= lan-'[^] (32) 

where fin is the component of the total field 
Hj. at a given fluorine site parallel to the tri- 


_ 3.4 pM, sin cos <j) -I- yji^ Ian 9 
A;,M,,Ocos^4>-\)-y„H, ' 

(38) 

If we consider the four fluorines located out 
of the plane of the applied field H,, and the 
trigonal axis, it is to be noted that these are 
strictly equivalent only in pairs due to in- 
evitable slight misorientation of the crystal. 
However, for an equivalent pair <(> = 70 5°. 
and, to a very close approximation. 0 = 
for both pairs. It is simpler, in (his case, to 


s 
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I 4 Angular dependency of Ihe relative I ran si lion 
probabilities for the salelliies arising from AhJ inleraction 
between each of the various magnetically equivalent pairs 
of neaicsl neighbor F nuclei and the ion: (a) pair 
along the |] 1 1] direction; (h) pair along the [1 M] direc- 
tion. (c) each of the pair locajed out of the plane (signified 
by OP) defined by the 11111 and llll] directions. The 
angle 0 is the angle between the symmetry axis z and the 
direction of the applied field 
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calculate cos where 

From equation (23)» we have 

= [M,A10 cos^(/> - 1 ) - y„W.]k (40a) 
and 

sin i\> cos (j) 
+y„//^sin»//tan 0 ]i 
— [ 7 „// V cos i// tan j (4()b) 

where i, j and k are unit vectors along the 
jc, y and z axes respectively. Applying equa- 
tions (40a and 40b) to (39), we get the follow- 
ing form for the angular dependence of 

I = cos '77 ; ; — 

{[c‘4- (/tan ^ + fetal 

where a, h,(\d and e are given by 

a = cos'4) + 1 ) (42a) 

fe = 7«^/// (42b) 

=/);?(3cos-0 + I) 

±2/(;-y„//,(3cos^(fr- l)Ty„W (42c) 
d = 6 /^/' 7 H//^ sin cos </> sin [p. (42d) 

By using equations (33), (37), (38) and (41 ), 
the relative transition probabilities cor- 
responding to each magnetically equivalent 
pair of fluorine nuclei were computed using 
a computer program, and their angular depen- 
dence is shown in Figs. 4(a-c). The values 
used for the parameters appearing in the 
equations were determined according to the 
discussion in Section 5. 

3. THE UPR SPECTRUM 

The shf splitting of an electronic state Af, 
is given by all possible values of the sum 


(43) 

a-- 1 

where the /w,“) are obtained from (24) 

and M / = 0 ±4. For a given set of selec- 

tion rules, the transitions between the 
electronic states produce components sym- 
metrically distributed about the undisplaced 
electronic spin transition. In the region of 
magnetic fields of interest, and if we neglect 
terms of the order of AWo/Wo* the separations 
in gauss from the central line of the com- 
ponents corresponding to the transition AM, = 
0 , AM^ = ±2 are obtained from all possible 
values of the sum 

AW(A/,)=^ y [E<-{M,= \,mn 

a 1 

-£"(^, = -1. /»/■)] (44) 


“U “f fe tan 

mle-Jfdnd + hlun-d]}'’^ 

allowed by each value for M,. A similar ex- 
pression holds for the only other selection rule 
of interest, AM^ ± 2 , AM, = ± 1 . 

In general, each equivalent pair of fluorines 
will contribute three components to an elec- 
tronic level splitting. Since there are four 
equivalent pairs of nearest neighbor nuclei, 
an electronic level will be split into a total of 
3^ = 81 components. The maximum number 
of transitions expected among these levels 
corresponding to the selection rule AM, = ±2 
is 9^ Flowevcr, the intrinsic line width in the 
UPR spectrum of CaF^: is about 1 1 G at 

0 ^ and thus, by far the majority of these 
components are completely unresolved. In 
fact due to this strain broadening, no resolu- 
tion of the shf structure is expected on the 
basis of the model for the angle |fe| < 60°, and 
none is observed. 

At the higher angles, and consequently, 
large applied magnetic fields, the transitions 
corresponding to AM, = ±2. AM, = ±2 are not 
observed due to their relatively insignificant 
intensities, Figs. 4(a-c). The transitions cor- 
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responding to A/V/; = 0, AAf« = ±2 have sig- 
nificantly high intensities for ]S\ > 45° as 
indicated in Figs. 4(a-c), but calculations in 
terms of (44) show that these components are 
well within the line width of the central line 
for |6I| < 85°. Since the experimental limitation 
of the applied magnetic field //o was i 7 kCi 
which corresponds approximately to [B| = 
84*5°, these components are not expected to 
be resolved in the experiment. This leaves 
only the components corresponding to transi- 
tions governed by AA// = ±1, AA/^ - ±2. The 
theory predicts that these components will 
not be resolved from each other due to line 
broadening. However, they are expected to 
be well resolved from the central component 
for angles |^| in excess of 70°. The transition 
probabilities, though diminishing, are signi- 
ficant for angles |^| through 85°, the main 
contribiilion in intensity arising from the 
equivalent nuclei along the |llT] direction, 
Figs. 4(a-c). In the region of high magnetic 
fields where the satellites are resolved, and 
for predominantly direct dipole-dipole 
contribution to the anisotropic interaction, 
the slif interaction is much smaller than the 
nuclear Zeeman term. Thus the observed 
spectrum should be composed of a central 
line arising from AA// - 0, AM ^--±2 com- 
ponents and two satellites arising from simul- 
taneous nuclear spin electron spin flips, 
AM I = ± I , AMs ^ i 2, symmetrically spaced 
in magnetic field on cither side of the central 
line and each separated from it by approxi- 
mately one nuclear Zeeman energy. 

4. EXPERIMENTAL 

Single crystals of CaF. nominally doped 
with 0'()3 and 0-007 molar percent U^^ 
grown by Hargreaves of Optovac, were 
obtained with the long axis parallel to the 
fill) direction and a side plane perpendicular 
to the [110] direction. A conventional A'-band 
DPR spectrometer [7] employing longitudinal 
elastic waves at 9-0 GHz was used at 4*2°K. 
The change in the absorption of ultrasonic 


waves was measured, as the applied magnetic 
field //o was varied through resonance, by 
observing the change in the height of an echo 
that resulted from one or more passes of an 
ultrasonic pulse through the sample. The 
EPR lines were obtained with a conventional 
EPR spectrometer using backward diode 
detection to improve the signal to noise 
ratio [8]. 

5. RESULTS 

The observed splitting is into three com- 
ponents, a central higher intensity line and 
two lower intensity satellites for angles 
1^1 > 60° At the lower angles, the satellites 
are completely unresolved. The separation 
in gauss of the peak of the satellite components 
from the peak of the central component is 
plotted vs. sec‘^ in Fig. 5. The measured 
intensity variation of the components is 
represented in Fig. 6 as the ratio of the 
satellite to central component intensity plotted 
against cos 0. In order to predict the con- 
tribution to the energy level splitting and 
relative intensities of the components for 
the various magnetically equivalent nuclei, 
the parameters Ar and in equation (24) 
were evaluated. In terms of the separation 
R between (he and F“ nuclei the direct 
dipole-dipole contribution to Ap is Aj^ — 
Neglecting distortion of the 
lattice due to the impurity ion the nuclei- 
nuclei separation is /? — 2-36 A; then tor 

- 5-257[6J, we have = 2 G 

and from the UPR measurements 1-6 kG 
giving =" 2-2790 for 2-01. 

With the dominant contribution to the shf 
interaction arising from the direct dipoie- 
dipole interaction, the theory predicts a linear 
variation of AH with in the angular 
region where the satellites are resolved, and 
the theoretical curves are shown as solid 
lines in Fig. 5 for both the high and low field 
satellites. The theoretical curves represent 
the intensity weighted average of the separa- 
tion among the unresolved components from 
(he undisplaced electronic component. 
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Fig. 5. Observed magnelic field separation, AW, of the high and 
low held satellites from the central component vs. sec^, where 9 
IS the angle between the symmetry axis i and the direction of the 
applied field Hq. The solid lines represent the angular dependency 
of the satellite separation calculated from the model. 


It was found that in order to explain the 
intensity observations, it was necessary to 
ascribe to the F“ ions along the site axis an 
additional anisotropic contribution (8Alg\iP) = 
0-4 G. This can be ascribed to Ip^ overlap, 
and/or additional direct dipole-dipole 
contribution relative to that contributed by the 
remaining six nuclei. This may be due to a 
small difference. A, in the separation R of 
the nuclei of the ligands from the nucleus of 
the impurity. This additional anisotropic 
contribution is compatible with a model for 
local charge compensation for the im- 
purity which ascribes F~ ions in the cubic 
interstitial positions as next nearest neighbors 
along the body diagonal [1 iT). The nearest 
neighbor fluorines along the site axis would 
tend to be moved closer to the impurity site, 
thus giving rise to the trigonal C.-,!, symmetry. 
The 2p^ orbitals of these fluorines would 
therefore produce a slightly higher spin 
density in the neighborhood of the impurity 
ion than would the other nearest neighbor 
nuclei. 

The method of determining the relative 
intensities and the separation of the various 


components in this instance is a particular 
application of the general method outlined 
by Clogston et al.[9]. The theoretical intensity 
ratios in Fig. 6 were calculated for each angle 
e by weighting the intensity contributions from 
the various transitions according to magnetic 
field separation and intrinsic strain broadened 
line width. The theoretical curves for the 
intensity ratio for only equal direct dipole- 
dipole contribution from the eight nearest 
neighbor F” nuclei are shown for comparison 
in Fig. 6. It is seen that this gives values 
which are slightly too small when compared 
with the distribution of the data points. As 
noted from Fig. 6 the theory predicts an asym- 
metry in intensities for the magnetic field 
orientation ±^, about the trigonal axis z: 
however, the experimental error in the data 
is much too large to observe this effect for 
the line widths associated with the crystal 
used. Here, is the angular direction such 
that increasing 6 from ^ = 0 decreases the 
angle between the magnetic field Ho and the 
o-bond axis of the F" nuclei located along 
the [111] direction with the trigonal axis 
along the[ 1 iTj direction. 
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Fig. f), Riitio of (fic observed SLilcIlile intensity to Ihnt of 
the centrii! componeni vs eos 0, where f) is the angle 
between the symmetry axis and the diieelion of the 
applied field H„ I he dashed cuivcs weie takiilaled from 
the model using only the iindisiorted lattice diiccl dipolc- 
dipolc intei action, wheicas the solid curves weic cal- 
cululcd with an additional anisoliopic contribution 
(fiet/g,i/3) d 4 Ci for the equivalent Huoiine paii located 
along the 11 ill diiesuou In each set ofemves, the upper 
one coriesponds to I ii .ind the lower one to - H 

6. ( '()S('Ll SION 

Compiirison of Ihe theoietical model with 
the cxperimcnially delcmiined sepdration 
of the slif structure and the comparison of 
the intensities in higs. S and 6 shows good 
agreement between the predictions based on 
the theory and the experimental observations. 
In order to obtain good quantitative agreement 
with the experimental observations a slightly 
larger anisotropic ,v/j/ interaction was ascribed 
to the nearest neighbor F ions along the 
trigonal axis than for the remaining six. 

The relative intensity variation of the 
components with angle 0 is much more 
sensitive in the shf coupling than the magnetic 
field separation at large angles of the field 
relative to the trigonal axis. Thus, on the 
basis of the observed intensities, an additional 


anisotropic contribution M is attributed to 
each nearest neighbor ligand along the 
trigonal axis and is given by (M/g„j3) = 
0-4 ± 0*2 G whereas the direct dipole- 
dipole contribution Ap from each of the 
remaining nearest neighbors is {Aplf^wli) 
2G. 

The observations of the satellite compon- 
ents in terms of their separation from the 
central component and their relative inten- 
sities are explained entirely in terms of direct 
dipole-dipole interaction of the ion with 
its eight nearest neighbor ligands with possibly 
a small amount of anisotropic 2p„.-overlap 
with the fluorine nearest neighbor ligands 
located along the trigonal axis. In terms of 
only direct dipole-dipole contribution, the 
term dA corresponds to a decrease in the 
U nucleus-F~ nucleus separation of approxi- 
mately 7 per cent or 0-2 A. It is reasonable to 
suppose that this term, in itself, comprises 
significant contributions from both 2p„' 
overlap and also direct dipole-dipole 
interaction. 

The results of this experiment suggest a 
double resonance experiment similar to the 
Rndor in EPR. Fhe ultrasonic electron 
nuclear double resonance, or Under, experi- 
ment would be quite significant in determina- 
tion of the frequencies of the shf splitting, 
especially at lower angles where the struc- 
ture is unre.solved. The usual problems 
concerning the coil-cavity combination in 
Endor are not present in the Under, since 
an r.f. coil may be wound directly upon the 
crysta[[7] external to the UPR cavity without 
affecting the cavity Q in any manner. 
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A MOSSBAUER EFFECT STUDY OF THE METALLIC 
COMPOUNDS Ub Fe AND Pug Fe, AND THE 
RELEVANCE OF THE RESULTS TO THEORIES OF 
THE BEHAVIOUR OF ACTINIDE METALS 
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Abstract - The intermetallic compounds Uj|Fe and Pu^j Fe were investigated using Mossbauer spectro- 
scopy. From the Mossbauer point of view the results are straightforward: quadrupolc pairs are seen 
in both materials at room temperature and low temperatures. Low temperature values tor the splittings 
were 0 074 cm/sec for U„Fe and 0 083 cm/sec for Pu«Fe. the corresponding room temperature values 
were 0-069 and 0 073 cm/sec. Both quadrupole splittings and isomeric shift values are characiensiic of 
Fe in the metallic slate. 

Recent electrical resistivity work has established that the temperature curves for PucFe and Pu 
metal are qualitatively very similar. In view of this investigation and our Mossbauer results we would 
be inclined to reject the hypothesis that Pu undergoes an anliferromagnetic transition at low tempera- 
tures. However, the situation is complex, and some space is devoted to a review and appraisal of the 
theories proposed to explain the properties of this most unusual metal 


1. INTRODUCTION 

The two intermetallic compounds Pu^Fe 
and U«Fe were investigated during a study of 
the series of compounds formed by Fe with 
the actinides[l]. From the Mossbauer point 
of view (he spectra, using as the probe 
isotope, appear fairly straightforward -a 
quadrupole split pair of lines is seen. But this 
has some interesting consequences in relation 
to known facts about the actinide elements, 
especially Pu. This theme will be expanded 
upon through this paper. 

2. EXPERIMENTAL TECHNIQUES 
The preparation of absorber material is 
described later. The radioactive source was 
purchased from the Radiochemical Centre, 
Amersham, Bucks., U.K., and consisted of 
lOmCi of electroplated onto Pd, and 
diffused into the metal matrix during annealing 
in a hydrogen atmosphere. 

The source, which was kept at room 
temperature, was attached to a Goodmans 
V47 electromechanical transducer, and driven 


with a constant acceleration motion (linear 
voltage ramp). 

The 14*4 keV radiation was detected by a 
Xe-CFl 4 filled proportional counter, and the 
individual counts were stored in one of 256 
channels of a Labcn multichannel analyser. 
The analyser was operated in the mulliscaler 
mode, with the channel switching synchron- 
ised to the ramp motion of the transducer. 

Low temperatures were achieved by means 
of a standard 'X-ray’ type cryostat, equipped 
with Melinex windows to allow the passage of 
low-energy y-rays. Because of failure to 
surround the experimental space with liquid 
helium the lowest temperature we could 
obtain with the cryostat was 13®K. However, 
this is not too inhibiting from the general 
stand-point of this investigation. 

The whole experimental procedure and 
instrumentation are described in detail 
elsewhere! I]. 

3. CRYSTALL(K.RAPHY 

The compounds belong to the tetragonal 
body-centred UfiMn type, a fairly rare species 
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found, it seems, only among actinide com- 
pounds. The space group is No: 140 in the 
International Table, DJ” in the Schoenflies 
notation. 

There arc 4 molecular groups O.e. 28 atoms) 
in the basic unit cell, and the atomic positions 
are given by:- 

( 0 , + 

.4,all6(it):±(.v,y,0);±(y..v\0); 

y, J); 

with a - 0-214, v = 0- 102. 

A^'d{^(h)‘ ± (.V, 3 4'.v.0): ± (i - .v. r.O) 
with.r - 0*407. 

f cat4(a):±(0,0, !). 

I he positions ikj and (/i) have low point 
symmctiies of rn and nun respectively. I he 
point symmetry at the ia) site is 42. 

The be atoms are in linear chains along the 
edges and through the centre of the unit cell, 
all the chains being parallel to the e-axis. 
Pu,;Fe: The lattice parameters are a ^ 
10*404 A. e S-TSS A. The he~2Le distance 
- (72- 2*68 A. rc-8Pu, - 2*81 A.ThePu- 
Pu nearest neighbour distances vary from 
2-71 A up to .V49 A, the average being 3*23 A. 
U,;Fe. 1 he lattice parameters are n - 10-31 A, 
e = 5‘24A. The Fe-2Fe distance — f72 ~ 
2*62 A. The Le-U, and U-U distances arc 
proportionately less in this material than they 
are in PivTe. The data presented in this 
section have been extracted from references 
|2|and|3]. 

4. fRKPARATION AND MLIALLOiiRAPHY 

T he absorbers were made from high purity 
U and Pu wire, and from Fe metal enriched to 
about 94 per cent in the Mdssbauer isotope 
Fe*'^ by means of electromagnetic separation. 

Appropriate amounts of Fe and actinide 
material were arc-melted together in an argon 
atmosphere. Normally a slight excess of 
actinide was taken to preclude the possibility 


of formation of the A Fe 2 compound (A = 
actinide). 

UiiFe material was annealed for 48 hr at 
TOO^'C in a vacuum furnace. The arc-melted 
Puf,Fe button was similarly treated at the 
lower temperature of 420°C. 

Metallographic sections taken on the 
annealed material indicated a generally 
single-phase substance, with occasional 
small platelets of free metal (actinide) and 
small dendritic growths of oxide (presumably 
UCTor PuO.). 

Containment is an extremely important 
problem when handling Pu, or Pu-bearing 
substances. The toxicity of the material 
demands that work be carried out in glove- 
boxes, or that careful methods of coating or 
containment be used. 

Because we normally worked with brittle 
(easily powdered) materials we held such 
material in a solid suspension of poJymcthyl 
methacrylate, and worked with the absorber 
in the open lab. This was done by intimately 
mixing the absorber with perspex powder, 
heating to about 2(X)''C, and pressing to about 
i-ton [= 4-982 kN\ force on 1 cm* of area. 

Unfortunately the A,iFe compounds are 
relatively soft, and would not crush m a 
pestle and mortar. We thus experienced some 
difficulty m making a satisfactory UkFc 
absorber because of large particle size. This 
caused the low peak-to-background ratio 
seen in the spectra we analysed. 

In making the PU(iFe absorber, the arc- 
melted button was cast into cylindrical shape 
down the 2 mm. dia. orifice at the centre of a 
copper hearth. After annealing, it was held in 
a pin vice and filed down against diamond. A 
much more homogeneous, small-particle size 
absorber resulted in this case. 

5. RESlli;rS ON IJ«FE 

Spectra taken at 26°, 82° and 295°K were 
analysed on the basis of a forced fit to a 
quadrupole pair, and a picture of the 26°K fit 
is shown in Fig. I. The data obtained are set 
out in Table I. 
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23/9/67 66 OVERFLOWS 

VELOCITY (MM / SEC ) 



CHANNEL NUMBER 

Lig. I. Mbssbauer absorption spectrum of 10 mg of Ufibe at 26"’K. the data points fitted 
ton quadrupole pair (One overflow ~ fi5.535 counts m channel) 

In Table 1 we see the usual slight increase The peak height is small and the line-width 
in quadrupole splitting at the low temperatures varies somewhat, as a result, no doubt, of the 
together with the normal isomer shift in the small peak to background ratio. We ascribe 
positive direction, associated with the an uncertainty of ±0 003 cm/sec in the 
temperature difference betwen source and velocity values quoted in Table 1. 
absorber. Figure 2 shows the result of fitting two 

Table 1. Mossbauer parameters listed at different temperatures 
for U«Fe. (All isomeric shift values are relative to sodium 
nitroprusside at zero) 

26''K 82‘’K 295"k 

0074 cm/sec 0074 cm/sec 0069 cm/sec 
O-OOl cm/sec 0“002cm/sec -0 01 1 cm/sec 

0*30% 0-30% 0-31% 

0038 cm/sec 0 043 cm/sec 0 036 cm/sec 


s 


Quadrupole splitting 
Isomer shift 
Peak height 
Peak width 
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23/ 9/67 


fi6 OVERFLOWS 
VELOCITY (MM /SEC) 



h iji 2 Mosshjiucr iibsorption spectrum of 10 mg of lJ<.f c at 26“K, the (Jala points here 
being fitted lo two independent peaks (One overflow ^-65,51^ counts in channel) 


independent single peaks to the data points. 
It reveals what is apparent from a visual 
inspection that the right-hand peak (R.H.P) is 
both broader and more intense than the 
left-hand peak (L.H.P). Typical values are 
0-34 per cent intensity and 0*052 cm/sec width 
for the R.H.P. as compared with 0-26 per 
cent intensity and 0*033 cm/sec width for the 
L.H.P. 

We can suggest a reason for this occurrence 
by invoking the Goldanskii effect -anisotropy 
of the recoil-free fraction [4]. Otherwise it is 
very difficult to account for this phenomenon 
without suggesting either an instrumental 


failure, or the presence of a single background 
peak which implies the presence of a chemical 
form of Fe not revealed in the metallography 
or X-ray analysis. The possibility of a double 
quadrupole pair, very nearly superimposed, is 
also ruled out because the more intense line 
should then also be the narrower. 

Independent confirmation of these experi- 
mental results has been provided by C. E. 
Johnson, A.E.R.E., Harwell, who also found 
a deeper and broader R.H.P. (Private com- 
munication). In other materials with which 
we worked, viz. UFe 2 ttl room temperature, 
Th 7 Fe;j, and Pu^iFe, we observed this same 
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occurrence of a broad, deep R.H.P. com- 
pared with a narrower, less-intense L.H.P. 
in a quadrupole pair, 

The compound U^Fe has been reported as 
being a superconductor with a transition 
temperature at 3-86°K[5]. 

There is certainly no sign of magnetic 
splitting in the material down to 4*2'’K, at 
which Johnson’s lowest measurements were 
taken. 

6. RESULTS ON l>U,FE 

An absorber of 1 cm^ cross-section con- 
taining 9*5 mg of finely powdered Pu,.Fe was 
used in the experiment. A diagram of a fit to a 
quadrupole pair is given in Fig. 3 for the data 
points accumulated at I6°K. 

The results of the complete analysis are set 
out in Table 2. The general pattern is the 
same as for U^Fe but there are certain 
features which make the results for PugFe 
more satisfactory. 

Firstly, the peak width is the same at all 
three temperatures. Also the peak height 
increases in a consistent fashion the lower the 
temperature, as we would expect by virtue 
of the fact that the probability of recoilless 
absorption increases. The quadrupole splitting 


is a few per cent greater in Pu«Fe, and the 
isomer shift is consistently more positive. 
This latter means that the s-electron density 
at the nuclear site is less in Pu^Fe than in 
UflFe, due no doubt to the slightly larger 
lattice parameters in PugFe which allow a 
general expansion of the electron charge 
clouds and a consequent slight reduction in 
spatial charge density. The difference between 
room temperature and low temperature values 
for the isomer shift is almost exactly the same, 
indicating a very similar Debye 6 value for the 
two crystalline lattices as one would expect. 

Analyses were also made for Pu^Fe on the 
basis of a fit of two independent peaks to the 
data points. The results are laid out in Table 3 
in terms of peak heights and widths. Although 
the differences are not nearly so great as in 
U(jFe the same general pattern is observed: 
the R.H.P. is more intense and broader than 
the L. H . P. The discrepancy is far less 
apparent at 16°K than at room temperature; 
this feature was not observed in UfiFe, 

These results on Pu^iFe are interesting in 
relation to the work which other members of 
a Harwell-Oxford team have done on the 
physical properties of Pu, and in particular in 
view of the similarity between the resistance 


Table 2. Mbssbauer parameters listed at different temperatures 
/orPuyFe 



I6°K. 

79“K 

293'’K 

Quadrupole splitting 
Isomer shift 

Peak height 

Peak width 

0 083 cm/sec 
O-OlO cm/sec 
1-47% 

0-037 cm/sec 

0 081 cm/sec 

0 009 cm/sec 

0*037 cm/sec 

0*073 cm/sec 
-0 002 cm/sec 
1-18% 

0*037 cm/sec 

Table 3. Peak hei^ht.s and widths at different temperatures for 

PUflFe 


16“K 

79‘’K 

29rK 

Peak height R.H.P. 

Peak height L.H.P. 

Peak width R.H.P. 

Peak width L.H.P. 

1-48% 

1*47% 

0‘ 039 cm/sec 
0-036 cm/sec 

1*46% 

1*41% 

0-039 cm/sec 
0-035 cm/sec 

llWc 

1*11% 

0*040 cm/sec 

0 035 cm/sec 
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17/6/67 


49 OVERFLOWS 


velocity (mm /sec) 



Lig. ^ Mosshmici iibsurplion spoctnim of 9 5 mg of Pii,,Fe al 16"K, the data points 
tilled to a L)iiadnipolc pair (One overflow = counts in channel). 


VS. temperature curves of Pu metal and 
Pu,Fe. 

7. THK MKTAI. PLUTONIC M 
We prepare the ground for further analysis 
by making a brief survey of experimental and 
theoretical work on the behaviour of the metal 
plutonium. 

Plutonium is unique among metals in having 
six different crystallographic phases between 
room temperature and its low melting-point of 
639-5°C. It was first produced in milligram 
quantities in 1943 as part of the wartime 
Manhattan project. Today, twenty-five years 
later, its many unusual physical properties 
have been widely explored, but a great deal of 


controversy still exists over the explanation 
of the metal's behaviour at low temperatures. 

Much of the early low-temperature physical 
properly discussion centred around the 
unusual electrical resistance vs. temperature 
curve for the metal which is reproduced in 
Fig. 4. From a small value at the lowest 
temperatures the resistance increases quite 
sharply to a maximum at about 90°K. From 
there on it has a small negative coefficient 
with respect to temperature, decreasing all 
the while up to the a-/3 phase transformation 
which takes place at about 130°C. 

One of the early theories proposed to 
explain the unusual form of the resistance 
curve by invoking an antiferromagnetic 
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hig. 4. The eleclriciil resistivity ol' Pu mclal. 

transition at about, or somewhat below, 90^K. 
This was done by Sandenaw and Olsen [6], 
and by !.ee, Meaden and Mendelssohn [7]. 
The proposition is eminently feasible for a 
number of reasons. Plutonium, besides having 
Is and 6 ^/electrons, will also have a number of 
/-electrons in an unfilled 5/ shell and the atom 
should therefore possess a resultant magnetic 
moment. We compare with the unfilled 4^ 
shell in the rare-earth series and find there that 
complicated types of helical antiferromagnet- 
ism arc not an uncommon feature. Because of 
its 5/ electrons and complicated crystallo- 
graphic «-phase (monoclinic) we might well 
expect some similar type of magnetic conden- 
sation to occur in plutonium. 

The basic explanation of the resistance drop 
is then the following. Each Pu atom possesses 
a magnetic moment. As the Pu lattice cools 
below the Neel point, the moments take up 
ordered directions relative to each other. The 
probability of electron scattering is con- 
siderably reduced for the ordered structure 
as opposed to the random paramagnetic state. 
Consequently the electrical resistance de- 
creases. 

Another cogent supporting feature for the 
antiferromagnetic theory was the form of the 


resistance curve for a-Mn, a known anti- 
ferromagnetic. This is very similar to that of 
Pu, except that after a few degrees above the 
resistance maximum, the temperature co- 
efficient is positive and not negative as in Pu. 
This observation leads us naturally on to 
'band' theories which have been proposed as 
an alternative to the antiferromagnelic theory. 

By assuming that the density of slates 
vs. energy of states graph for the metal 
consisted of a broad, low-density-of-states 
band containing Is electrons, overlapped by 
a narrow, high-density-of-states band, con- 
taining and 5 / electrons, Lee and Hull[8J 
and Smoluchowski[9] were able to explain 
the negative temperature coefficient of 
tt-plutonium by considering the Fermi level 
to be temperature dependent. In order to 
explain ihe resistivity maximum at low 
temperatures Smolchowski assumes, follow- 
ing Wilson 110], that the number of phonons 
available for interband scattering at low 
temperatures is drastically reduced by 
quantum selection rules. However, no 
independent evidence is available to support 
this theory. 

The numerous physical measurements 
which have been made on Pu have not greatly 
clarified the situation. Magnetic susceptibility 
work indicates no anomaly in o-Pu near to the 
resistance maximum, but neither is there any 
anomaly to be found in a-Mn. 

Specific heat measurements do show a 
X-lype anomaly in a-Mn, and very recent 
(1968) results on Pu indicate a similar, though 
much smaller, anomaly, together with a 
peaked minimum in the value at 60°K 
(P. W. Sutcliffe. Private communication). 

Rocher[l 1] has also proposed an antiferro- 
magnetic model with a Neel temperature at 
60^K. He assumes that exchange coupling 
splits the 5 / stales into two levels and the 
difference in population of these levels 
contributes a magnetic moment of 0*3 Bohr 
magnetons. In support of his choice Rocher 
cites Meaden's thermoelectric power results 
(Fig. 5), the change in slope at 65®K indicating 
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the Neel point. Results obtained by Lalle- 
ment[12] indicate a minimum in Young’s 
modulus between 50° and 60°K. This is 
interpreted in terms of a magnetic order- 
disorder transition. 

Detailed results by Brodsky (131 showed 
that the Hall coefficient varies continuously 
from a positive value at room temperature 
to a negative value at 77 going through 
zero at 200°K. Brodsky proposes a band 
theory, and a change from hole to electron 
conduction to account for these phenomena. 
Brodsky observed no field dependence of the 
Hall coefficient over the temperature range of 
his investigation, and deduces that this 
precludes the existence of a Neel point at 

9(TK. As measurements were not made 
below 77°K, this does not rule out the possi- 
bility of a 60°K Neel point. 

The results and conclusions outlined above 
have been extracted primarily from the thesis 
of D. A. WigleylH], written at the end of 
l%3. 

Two years later, at the Third Internationa) 
Conference on plutonium held in London, 
November 1%5, though more information 
was available, the uncertainty had, if any- 
thing, increased. Lallement, in a general 
review, felt that his measurements on expan- 
sion coefficient had not verified Rocher’s 
theoretical predictions. On the other hand 


further measurements by Brodsky on the 
Hall coefficient had led him to reject his 
simple band structure theory and to propose 
that magnetic ordering takes place at 23°K. 
Lallement was led to conclude that all theories 
proposed to that date should be rejected. 

8. RESISTANCE CURVE OF PU,FE 

In the autumn of 1967 some electrical 
resistance vs. temperature measurements were 
done on a number of intermetallic compounds 
containing Pu (J. Adamson and M. J. Morti- 
mer, Private communication). In particular 
they found the curve for Pu^Fe to be qualita- 
tively very similar to that of pure Pu, though 
the residual resistivity was higher, and the 
position of the maximum was at about 120°K. 

Referring back to the results detailed 
previously in Section 6 we can state that 
there is no indication of any magnetic splitting 
or even line broadening at 16°K compared 
with 293°K in PucFe. We may then infer, 
because of the close similarity in the resis- 
tance curves, that no magnetic condensation 
takes place in Pu, at least down to ~16°K 
which is lower than Brodsky’s suggested 
value of 23°K. 

There are, however, a number of points to 
discuss in respect of this inference which will 
now be considered in turn: (A) A different 
mechanism may operate in PUflFe from that 
in Pu melal. Electrical resistance work is not 
a particularly selective measure, and it does 
not distinguish between a large variety of 
physical effects which may contribute. 
However, despite the differing crystallo- 
graphic forms, the interatomic distances in 
PUfjFe are close to those in pure Pu. We 
conclude that it is most likely that the same 
basic mechanism isS operating in both Pu^Fe 
and Pu metal. (B) Iron does not take part in 
the ordering phenomenon in Pu,iFe. This is 
a more serious objection though unlikely, we 
feel, in view of the fact that the average 
Fe-Pu distance is less than the average 
Pu-Pu distance (2*81 A compared with 
3*23 A). It is interesting to consider here 
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the behaviour of Fe as a dilute impurity in 
Cr metal. 

Cr metal exhibits complicated magnetic 
behaviour and both Fe and Sn have been used 
as Mossbaucr probes in the material. The Sn 
spectra (Sn is diamagnetic, of course) are 
reasonably straightforward: the single line 
observed at high temperature splits on cooling 
below the Neel point at 315*^K, and a saturated 
hyperfine field of around 95 kG is observed. 
But for Fe in Cr, though splitting is observed 
below the Neel point, it indicates a small 
field of ~20 to 30 kG. Indeed, magnetic 
susceptibility measurements obey a Curie- 
Weiss law down to 2°K, which would indicate 
that the spins were quite free. On the assump- 
tion that the Fe spins were only loosely 
coupled to the Cr ordered spin state, a strong 
external magnetic field was applied to the 
material at 2°K in an attempt to order these 
Fe spins. However, no increase in broadening 
was achieved, which is indeed surprising. 
There has, though, been some doubt as to 
the purity of the material used (C. E. Johnson, 
Private communication). 

At any rate we would expect to see at least 
some measurable broadening of the quad- 
rupole lines of the Pu«Fe spectrum at 
if there exists at this temperature an ordered 
system of spins. (C) Filing has so strained 
the Mossbauer specimen that no magnetisa- 
tion is observable. This is unlikely since we 
are concerned with preserving the presence of 
microscopic ordering rather than crystallite 
directional magnetisation (all the domains 
pointing in the same direction). We would not 
reckon that filing would disturb the micro- 
scopic order to any great extent. However, 
in order to check this a further experiment was 
done in which fresh filings were placed in a 
silica tube, which was evacuated and sealed. 
The filings were strain annealed for 24 hr at 
250°C. The results we obtained from this 
second sample were substantially the same 
as before. (D) The line-widths we derived 
for PUftFe are subject to experimental error 
and curve-fitting error, but we would reckon 


to be able to observe with ease an increase in 
linc’width of 0-01 cm/sec., which corresponds 
to the presence of a magnetic field at the 
Fe nuclear site of some 3 kG in magnitude. 
The question of what this would mean in 
terms of Bohr magnetons on the Pu atoms has 
not been pursued. 

9. FINAL COMMENTS 

In the resistance-temperature curves of the 
actinide elements from thorium through to 
plutonium, there appears a consistent form of 
temperature rise from one element to the next, 
the resistance maximum first appearing (just) 
in Np, and being quite apparent in Pu (see 
Fig. 6). 

A general outline of the possibility of this 
type of behaviour in the actinides was first 
made by Lee et aL[\5l They based their 
argument on a theoretical treatment by 
VarIey[I6] of the factors affecting the 
electronic contribution to the Tree energy’ 
of a system, where the density of states at 
the Fermi surface changes sufficiently sharply 
with energy. A corollary of this treatment is 
that one could realise a negative value for the 
temperature coefficient of resistivity in the 
actinides over certain temperature ranges. 

The suggestion is that in U, for example, 
one would also eventually see a resistance 
maximum if it were not for the fact that the 
a-p phase transformation intervenes first. 
This is, of course, mere conjecture, and can 
never be verified experimentally. Indeed it 
may well be that there is a significant step in 
going from U to Np if the 5/ electrons make 
their first appearance in Np metalf 17]. Th and 
U are well-known superconductors, and 
American workers [18] have reported that 
Pa goes superconducting as well. No transi- 
tion temperature has been observed in either 
Npor Pu down toO*4°K. 

Neptunium would appear to be the critical 
element in the series, with its broad but 
definite resistance maximum situated at some 
90 deg before the phase change. In respect 
of Np some crucial work has been done by 
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1 ig 6 1 he elect ricul resistivity vs, lempe rut lire curves for some uctmide metuls 
(Provided by H, King A H. R F,.HuiwcII). 


Stone (Private communication I. Using a single 
line Am‘^“ a-ernitting source he investigated 
the Mdssbauer spectrum of Np metal at 
4-2''K. He found that there were two quad- 
riipole split contribulions in the spectrum 
arising from the two ddferent crystallographic 
sites (the contributions were different in 
intensity by a factor of nearly 2 to I — a most 
surprising result in view of the equal popula- 
tion of the sites, but one which is irrelevant to 
the present discussion). There was thus no 
sign of magnetic splitting in Np metal though 
the temperature of 4‘2"K is far and away 
below the resistance maximum. 

The final solution to the actinide problem 
must be the result of direct measurement on 
the metals themselves, and in this respect the 
immediate future looks quite promising. By 
autumn 1968 the new Harwell refrigerator 
should be available to the group for resistance 


measurements down to 30 m/deg absolute, 
0‘030"’K (this figure will probably be higher 
for Pu because of its high rate of self-healing). 
If Pu and Np prove to go superconducting 
we may not necessarily discount the anti- 
ferromagnelic theory. We would, however, 
view it with some reserve. 

Hill and Matthiasfl9J have discussed 
superconductivity investigations made on 
Vi,X compounds (where A' is a ferromagnetic 
transition metal), and the role played by 
magnetic interactions in superconductivity 
involving transition metal elements. 

In particular they outline theoretical work 
by Russian authors in which the co-existence 
of superconductivity with ferromagnet- 
ism [20], and with antifcrromagnetism[21], is 
postulated. However, no experimental 
verification of these ideas has been produced 
and, indeed, conclusive evidence of the 
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l ig 7. Radioactive parents' decay scheme to ground slate 
ofNp2” 


non-separation of superconducting and mag- 
netic regions in the same sample will be 
difficult to achieve. 

Lastly we mention the possibility of using 
in Pu metal as a Mdssbauer source, with 
a single peak Np02 absorber. With both 
source and absorber at 4*2°K we should easily 
be able to pick out a magnetically split 
contribution from the metallic source. Figure 
7 indicates the different radioactive parent 
isotopes which can be used to populate the 
59*6 keV excited slate of Np^'^L 
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MOSSBAUER SPECTROSCOPY OF STOICHIOMETRIC 
AND NON-STOICHIOMETRIC MAGNETITE 

J. M. DANIELS and A. ROSENCWAIG 
Department of Physics, University of Toronto, Toronto 5, Ontario, Canada 

(Received 2^ September 1%8; in revised form 12 Movemher 1968) 

Abstract -X-ray analysis, chemical analysis, magnetic measurements, and room temperature 
Mosshaiicr spectra, with and wilhoiU (he presence a transverse magnetic field of 8 4 kG have been 
obtained for two samples of magnetite, one nearly stoichiometric and the other highly non-sloichio- 
metric. The crystallographic structure of the non-stoichiometric sample has been found to be identical 
with that of the sioichiomeinc sample, and the vacancies located predominantly at the octahedral 
sites. The magnetic fields at (he Fe nuclei in inagiiciiic have been found to be negative and the Famb- 
Mdsshauer factor for octahedral and tetrahedral iron ions have been found to he equal within experi- 
mental error It has been established that Ihe fast electron hopping process, present in magnetite, is 
essentially a pair-localized phenomenon, that is, limited to available (Fc-' -Fc'') octahedral pairs, 
with the non-paircd octahedral Fe” ions not participaling in the hi^pping process. Significant delocali- 
zation of the process appears to occur only In highly stoichiometric samples. 


1. INTRODUCTION 

Wl uskd a sample of a commercial magne- 
liie\ which we shall refer to as Fc,{0,i-H, 
lo lest the resolution of a Mossbaiier spectro- 
meter, and noticed that the spectrum, 
I ig. 1(c), was different from that which wc 
expected. Another sample, which we shall 
denote by Fe;|0^-M, was prepared by heating 
(K-Fe^O;j at 800T in a stainless steel crucible 
in a CO-COj atmosphere for 24 hr. followed 
hy cooling in the same atmosphere. This 
sample gave the expected Mdssbauer spec- 
trum, as is shown in F^g. 1(a). Before describ- 
ing our experiments we shall first review the 
principal facts about magnetite relevant to 
this investigation. 

Magnetite has the inverse spinel structure 
( 1 1. The unit cell consists of a cage of 32 0-' 
ions in a face centred cubic arrangement. The 
cations are distributed among the intcrstital 
positions of this lattice. There arc 64 such 
sites with tetrahedral symmetry, of which a 


*rhis sample was obtained from the Fisher Scientific 
t ompany and although we were unable to obtain its 
exact method of preparation, we believe that the sample 
w'as prepared as a product in a reaction between an iron 
salt and an alkali. 


maximum of 8 are occupied, and 32 with 
octahedral symmetry, of which a maximum of 
16 arc occupied. Stoichiometric magnetite 
has all available interslita! sites occupied by 
ferrous and ferric ions, the Fe-*" ions being all 
at octahedral sites. However, non-sloichio- 
metric magnetites also exist, with various 
numbers of the available sites either vacant 
or occupied by impurity cations. It has been 
postulated that these vacancies and impurity 
cations arc preferentially located at the octa- 
hedral sites [2J. Magnetite compositions range 
from that of stoichiometric Fc^Ot with 8 
ions in tetrahedral and 8 Fe-^ -^8 Fe'^^ ions 
in octahedral sites, to that of y-FC;iO;j with 
8 Fc'^^ ions in tetrahedral and 13 i ions 
in octahedral sites of the unit cell [3]. 

The magnetic properties of magnetite have 
been satisfactorily explained, on the assump- 
tion that the spins on the octahedral and 
tetrahedral cation sites form two anliferro- 
magnetically coupled subla(lices[4]. in 
addition, stoichiometric magnetite undergoes 
an order-disorder phase transition at 1 20'"K 
which is attributed to fast electron hopping 
among the and octahedral cations 
above 120°K[5]. Associated with this transi- 
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I'lg. 1 Mosshimcr specini of magnuiile samples \ c,()j-M and he.jO,-! at M)0"k (a) FCiOrM a transverse 
magnetic field - OkU; (b) l-CiO,-M with -K-4k(f; (c) K,Orl with - DkO; (d) Fe,,(),'-F with 
H. - 8 4kCi Hypcrfinc paderns designated as (A) and(B) in Fig 1(a) aic discussed in the (e\t 


lion is an anomaly in both the specific heat and 
electrical conductivity of magnetite at this 
temperature. 

On the foregoing picture, one might expect 
three different Mossbaucr spectra from 
magnetite, one from the ions in the 

tetrahedral sites, one from the Fe'^ ions in 
the octahedral sites, and another from the 
ions in the octahedral sites. In fact, in 
stoichiometric magnetite there are only two 
resolved spcclra[6. 7|. Below 12()“K these 
are identified as one due to the Fe*^ ions in 
both sites, and the other due to ions; 
above I2(FK, the spectra change, and the 
two resolved spectra are generally identified 
as one due to the Fc" ions in the tetra- 
hedral sites, and the other due to the entire 
set of Fe'^ and Fe*^ ions in the octahedral 
sites, i.e. one spectrum is due to all the 
tetrahedral cations, while the other is due to 
all the octahedral cations. The explanation for 
the spectral change is attributed to the 
electron exchange between ions at the octa- 
hedral sites, which is rapid above IlO'^K and 
slow below that temperature. This accounts 
for the indistinguishabilily of the Fe-^ and 


Fe'^ Mossbauer spectra (a process similar to 
motional narrowing) and for the increased 
electrical conductivity above 120''K, 

Our investigation comprises a study of the 
Mossbauer spectra, in zero field and in a 
transverse field of 8400 G, measurements of 
the magnetic moment, and a chemical and 
X-ray analysis of the two samples of ‘magne- 
tite’. We propose that the fast electron ex- 
change in magnetite above 120‘^K can be 
regarded in two distinct ways. On the one 
hand, it can be considered as an electron 
hopping back and forth within (Fe'''-Fe‘*') 
octahedral pairs, and the transfer of the 
electron from the to the Fe-’^ ion can be 
adequately described by a process involving 
only these two ions and the intervening 
oxygen anion, and not involving the rest of 
the lattice. We shall call such a process 
'pair-localized' or simply ‘localized hopping’. 
On the other hand, the electron exchange can 
be considered, as is usually done, as a more or 
less indiscrimate hopping of electrons among 
all the octahedral cations, and in this case the 
entire octahedral sublattice must be consider- 
ed as being involved. This process we shall 
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call ‘delocalized hopping’. A consequence of 
localized hopping is that the Mossbauer 
spectra above 120°K should correspond to 
one spectrum arising from all the (Fe'*'^- 
pairs on the octahedral sites, and 
another arising from the remaining Fe'^^ 
ions on both sites. A cursory examination of 
the Mossbauer spectra of Fe.^O.,-F seemed to 
indicate that this might be the correct interpre- 
tation of our spectra, and it is this hypothesis 
which we set out to test. 

2. EXPERIMENTAL DETAILS AND RESUl.TS 

{n} X^ray analysis 

X-ray analysis, carried out by the Ontario 
Research Foundation, identified both Fe.'jO^- 
M and Fe.iO^-F as single phase magnetites 
with the spinel structure. Since the Mossbauer 
spectrum obtained for FciiOi-F can be easily 
explained on the basis that this sample is not 
really single phase but a mixture of 80 per 
cent magnetite and 20 per cent y-Fe^iO,,, an 
extensive X-ray analysis was performed on 
FeijO^-F to ascertain how much y-FCsO^ 
might be present. 

An X-ray trace of the high-angle (553) dou- 
blet, present in both magnetite and y-FeiO;j, is 
shown in Fig. 2, Here we see that there is a 
noticeable change in the lattice parameter as 
the composition is varied from stoichiometric 
Fc;iO., to y-Fe^O:^ FcaO^-F has a lattice 
parameter which lies between that of stoichio- 
metric Fe,0^ and y-Fe20j. If Fe;j04-F were 
in fact anything like a (80-20 per cent) mix- 
ture of FejjO^ andy-Fe.Os, we should expect 
to see more than one set of lines. If it were a 
mixture of phases of varying composition, we 
should expect the X-ray lines to be consider- 
ably broadened. These lines in Fe;i04-F are 
in fact somewhat broader than the corres- 
ponding lines for stoichiometric Fe;i04, but 
so are the lines in y-FcoO;}. The observed 
broadening can therefore be attributed to the 
small size of the crystallites (< 0*1 /x), which 
are known to be present in both the Fe.iO^-F 
and the y-FCiOs samples. 


A further check can be made for the 
presence of y-Fe^jO.} in the Fe;,04-F since 
y-FegO,, has certain weak characteristic 
X-ray lines which are not present in magnetite. 
Figure 3 shows X-ray traces in the region of 
two of these lines. (3-73 and 3-40 A), fory- 
Fe^O;!, for two mechanical mixtures of 
stoichiometric magnetite and y-Fe^O;,. and 
for Fe;,04-F, It is seen from the traces that 
there is very little evidence of the presence of 
y-Fe^O;, in FejA-F- Finally, by performing a 
long count on the X-rays scattered in the 
direction of these two peaks, we were able, 
as shown in Fig. 4, to place an upper limit of 
4 per cent on the amount of y-Fe203 that 
may be present as a separate phase in Fe,{04- 
F, The X-ray evidence thus appears to strongly 
indicate that Fe;i04-F is essentially a single 
phase magnetite of definite composition. 

( h } Chemical analyses 
Chemical analyses for total iron and ferrous 
iron were carried out in the Department of 
Chemistry, University of Toronto. The results 
are shown in Table 1. Given also are the 
standard deviations of the average of about 
half a dozen measurements of each quantity. 

( c) Magnetometer measurements 
The magnetometer consisted of two coils, 
in series opposition and in series with a ballis- 
tic galvanometer, in a field of 3000 G. The 
sample was moved from the centre of one coil 
to the centre of the other. When samples of 
identical size and shape are used, the deflec- 
tion of the ballistic galvanometer is propor- 
tional to the magnetic moment of the sample. 
We used a lucite tube packed with powered 
magnetite to ensure the latter. What we 
measured was the ratio of the magnetic 
moments of two samples of ‘magnetite’. 
Because these samples had different grain 
size and packed differently, the masses 
required to fill the sample holder were differ- 
ent. The results are as follows: 
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J 2 X-i\iy traces of the high-angle (5"''') doublet in stoichiometric 
niagnctiic |fc,.0,-M), non-stoichiomeiric magnetite (hcjOj-F), and 
in 


Table \ . Che mica I analyses of magnetite samples 



FKictum by 
weight i>r 


Sample 

totiil lion 

SIX 

Su>ichit>meiiic led T 

()'7:4 


1 c.OrM 

()-7l7 

om 

1 cd)rl 

ivm 

0 (K13 


1 ruction by 
weight of 
Icnoiis iron 

S D. 

Composition 




0-238 

0 0(K)2 

mi (FeO),,.,- 

0-1784 

0-0003 

( 1 ' C^C) [ ) 1 no ( F 


Mass of Fe/) r M - 0- W ± 0-00 1 g 
MassofFe,OrF - 0-589 ±0*001 g. 
(Magnetic momenl of I g of Fe.fOrF)/( Mag- 
netic moment of I gin of FCjOrM) = 0-908 ± 
()-006. 


The value of the room temperature magnetic 
moment ratio is the average of 10 determina- 
tions, and the error given is the standard 
deviation of this average, computed from the 
observed scatter of the individual readings. 
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Fig. 3 X'lyy traces of the characteristic y-Fe,Oj lines. 3-40 and 
3-73 A, in y-hCjO,, in (80-20 per cent) and (90-10 per cent) 
mechanical mixtures of stoichiometric magnetite and y-Fc 20 j, and 
m the non-stoichiomeinc magnciiie (Fci^O^-F). 


(d ) Mosshanef .spectra 
The spectrometer was a constant acceler- 
ation type similar to the one described by 
Wcrthcim[8]. They-rays were counted using 
a lithium drifted silicon detector and were 
displayed on a 400-channel pulse-height 
analyser. The absorbers were powdered mag- 
netite of 46 mg/cm- held firmly between 2 
mylar sheets of 0 0075 in. thickness. To 
obtain spectra in a transverse field, the 
absorber holders were placed between the 
poles of a permanent magnet whose field was 
8400 G. 


Assuming that the absorption line shape is 
Lorenlzian, the parameters (position, height, 
area) of each line, and the standard deviations 
of these parameters, were obtained by the 
method of least squares, using an IBM 7094 
computer. The Mdssbauer spectrum of a- 
Fc^Ot was used to calibrate the spectrometer. 
The results of the measurements on the 
magnetite samples are displayed in Figure I, 
and are summarized in Table 2. T he ratio of 
the intensity of spectrum (A) to that of 
spectrum (B), jS, (see caption of Fig. I for a 
definition of these spectra) is: 




1566 


J. M, DANIEI-S and A ROSENCWAIG 


Table 2. Parameters of Mdsshaiwr spectra at 300°K of magnetite samples without 
and with transverse magnetic field 


Sample 

Applied transverse 
magnetic 
field 
(kCi) 

hield at 
nucleus H,, 
(kU) 

Isomer shift^ 

At 

(mm/sec) 

Ouadrupole 

shift 

l€| 

(mm/sec) 


Line i^roup (a) 

0 0 

- 4^8 ± 2 

*0-41±004 

0-02 ±0-04 

Line 

00 

-463 ±2 

+ 0-77 *004 

0-02*0-04 

he.Orl' 

1 jnc group (a) 

00 

-497*2 

+ 0’38±0 04 

0-01 ±0-04 

Line group (hi 

0 0 

-462±2 

4 0-76 ±0 04 

0-0 1 ±0*04 

he |())-M 

Line group (a i 

S 4 

'504*2 

*0-39 ±004 

0-00*0-04 

L.ine group (b) 

8-4 

-457*2 

*0’74±0 04 

0-01*0-04 


lane gtoup(a) 

8 4 

-504 *2 

+ 0-39 *0 04 

0-03*0-04 

1 me group (b) 

K-4 

' 456 * 2 

*0 73*0 04 

0-02*0 04 


^ I he isomer shiA i\ measured lelativc to } Id slainics'^ steel. 


Kor I c.OrM,^ - 0*575 ±0 019 
KorFeiOrH,)^ - ()'976± 0 043. 

The intensity ratios were obtained by titling 
two Lorent/ian curves simultaneously to the 
two resolved doublets at the left hand of the 
spectra in Fig. I. In both the results just 
mentioned, the value of p quoted is the 
average of 14 determinations, and the error is 
the standard deviation of this average. 

The changes in the magnetic fields at the 
nuclei, produced when the magnetite sample 
is placed in a transverse field of 8400 G, 
clearly identifies spectrum (A) with the ions 
in the tetrahedral sites, and spectrum (B) with 
ions in the octahedral sites, in both magnetite 
samples. The fact that the magnitude of the 
change in the nuclear magnetic fields is some- 
what less than 8-4 kG can be attributed to 
incomplete magnetization and the presence 
of a small demagnetizing field. A closer exam- 
ination of Fig. 1(c) and 1(d) indicates that the 
resolved lines on the left of the spectrum, 
belonging to .spectrum (A) of Fe.iO^-F, are 
not only shifted, but somewhat broadened in 
an external magnetic field. An attempt was 
made to resolve this line into two using the 
least squares curve fitting method. Indications 


were that it might well be a doublet with an 
unresolved separation of about 1 1 kG. If 
this is so, the following is a plausible identifica- 
tion of the origins of the two spectra in Fe;jO,- 
F. 

Spectrum (B), which originate.s with a!) the 
ions in the octahedral sites in stoichiometric 
F^e:^0|, originates only with (Fc'^^-Fe-^) 
pairs in the octahedral sites in non-sloichio- 
metric magnetite. Spectrum (A), which 
originates with the ions in the tetrahedral 
sites m stoichiometric Fe,jO„ originates with 
both the Fe’’* ions at the tetrahedral and the 
non-paired ions at the octahedral sites in 
non-stoichiometric magnetite. It is not an 
unreasonable assumption that the field at the 
nucleus would be relatively insensitive to the 
surroundings for an ion with this closed shell 
structure. Since spectrum (A) thus originates 
with ions of opposite spin directions, it is 
split in a magnetic field. 

Wc shall now lest our assumptions in a 
quantitative manner. 

3. ANAJ.YSIS OK THE RESULTS 

Each of the observations just described 
leads to a linear equation connecting certain 
unknown quantities. For example, if .r is the 
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Fig. 4 '['he count rate, corrected for background for the 3-40 and 3-73 A 
lines us a function of the amount of 7 -Fc.X) , present as a separate phase m 
magnetite. 


number of iron ions and v is the number of 
F'e-^ ions in the unit cell, then on the assump’ 
tions that ( 1 ) the Lamb-Mossbauer factors for 
the iron ions in octahedral and tetrahedral 
sites are the same, and (ii) Mossbauer spec- 
trum (B) is identified with (Fe-'-Fc^^) pairs 
at the octahedral sites, and spectrum (A) 
with the rest of the ions, then: 

(.\-~2y} =13 . 2v 

where (3 is the ratio of the intensity of spec- 
trum (A) to that of spectrum (B). Dift'erenl 
hypotheses about the fast electron hopping 
process lead to different equations. In general, 
the number of equations related to the obser- 
vations is greater than the number of un- 
knowns, and the coefficients, which are 
measured quantities, are uncertain. The best 
solution to such a set of equations may be 
obtained by the method of least squares [9]. 

In particular, if we find an equation of the 
form 


where y. r are unknowns, and a, h. c and J 
measured quantities with standard deviations 
<rfn),cr(hj,fr(cl,o’fd),lhen let us write 

(IK + h\ ^ c: + d 

~ — ^ = p 

V(A-(r («)“ + V‘0’{/j)“-Fr‘fr(c)'-Fo’( J )“) 

( 2 ) 

Then, the best solution for an overdetermined 
set of such equations is that set of values of 
(.V, y,c) which makes iE” a minimum. This 
value of IE' is the chi-squared for this 
solution, and standard tables of chi-squared 
may be used to estimate the goodness of the 
hypothesis which led to (he set of equations 
which were solved. 

The equations lo be solved are the follow- 
ing. Let V be the number of iron ions in the 
unit cell, y the number of Fe-' ions in the unit 
cell, and z the number of Fe'^' ions in tetra- 
hedral sites of the unit cell. Then the chemical 
analyses give: 

55-85.V ^ ^ 

5.‘i-8.S.r+(24-.OM+ 16-Ox. ^2 ' 


cix + hy + cz + d = 0 


( 1 ) 
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55-85V ^ 

55-85.r+(24-.r)M+ 16’0x32 ' ' 

where Wj and are the fractions by weight 
of total and ferrous iron. M is the average 
atomic weight of Impurity cations. Since M 
is unknown, and is expected to he small, we 
have considered two extreme cases 

(i) M “ 0. i.e. the ‘impurities’ are all va- 
cancies. and 

(li) A/ i.c. the ‘impurities’ arc 
elements like iron 

hoi the rnagnetomeler expel iment, we make 
the assumption that the magnetic moment 
ratio measured at “^OO'K is not noticeably 
different from what we would obtain at 
’I his is a (casonable assumption since the 
field used is of i datively high strength, and 
3(H)'K IS a lairl} small fraction of the Curie 
temperature ol 90(rK[l()|. Assuming 5 Bohr 
niagnelt>ns foi an f e' ion, and 4 Bohr mag- 
netons for an I e'* K)n. the magnetic moment 
per unit cell is 

fi V 10: (5) 

\ hen, ha 1 e ,(), -M. lei us pul 

^ /I (6 A) 

and fot \ e.O,' ! 

10,, - pmA* 16 B) 

where R is the ratio of the moments of the 
unite cells of the (uo samples, and is given, in 
leims of R\ (he ratio of (he moments of unit 
mass. In 

n »,5,S-K5A, -H: 4-n)A/n2xl6 

55-85.XM 1 (24~n,lA/ l 3:x 16 ^ ^ 

As mentioned in the previous section, there 
are two hypotheses which we wish to test for 
the interpretation of the Mossbaucr spectra; 


Hypothesis (A) The electron hopping oc- 
curs solely within pairs. Then 

.t-2y=/3'2y. (8A) 

Hypothesis (B) The electron hopping oc- 
curs among all the ions on the octahedral 
sites. Then 

z-pix-z) m) 

where p is the ratio of the intensity of spec- 
trum (A) to that of spectrum (B), 

In equations (8A) and (8BK it is assumed 
that the l.amb-Mbsshauer factor for tetra- 
hedral iron cations is essentially the same as 
that for octahedral iron cations. 

To analyze the data for the hcjOrM sample 
sets of 3 equations in the 2 unknowns a and y 
were used. The first two equations were 
equations (3) and (4) for the chemical analysis, 
wiiile the third was cither equation (8A) or 
(8B). In equation (8B), the value of: was set 
to 8-0, In all, 4 sets of equations were used, 
in which hypotheses (A) and (B) were tested 
under the conditions M - 0 0 and M = 55-85. 

From the last column of Table 3, we note 
that the values of x' obtained are generally 
w'ell walhin the reliability limits, especially 
for the hypothe^is (A) cases. We can there- 
fore conclude that the assumption that the 
oclahedial and tetrahedral ions have nearly 
equal l.amb-Mbssbaucr factors, implicit in 
the way equations (8A] and (SB) have heen 
written, is reasonable. Similarly the assump- 
tion that, for a nearly stoichiometric magnetite 
all the tetrahedral sites are occupied by Fe’'^ 
ions, implicit by setting : 8-0, is also 

reasonable. 

Most important, however, is the fact that, 
for both assumed values of M, hypothesis 
(A) gives a slightly lower value of x' 
does hypothesis (B). It would therefore 
appear that even in a slightly non-sloichio- 
melric magnetite sample, such as Fe 304 -M, 
the localized electron hopping hypothesis 
seems to be preferred over the completely 
delocalized hypothesis. 
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Table 3. Results ofleast’squares analysis for Fe 304 -M 


Sample 

M 

Electron hopping 
hypothesis x 

y 

x' 

Fe, 04 -M 

00 

(A) 

23-32±0-57 

7 53±0-13 

1-08 


0-0 

(B) 

23-10±0-77 

7-48±0-18 

1-22 


55-85 

(A) 

23-83±0-35 

7-69 ±002 

1-02 


55-85 

(B) 

23-75±0-26 

7-69 ±0-02 

2-58 

In analyzing the 

Fe:,0,-F 

sample, the 

highly non-stoichiometric 

magnetite is 

results of the magnetometer experiment were 

limited to the available (Fe' 

oclahe- 

included. Thus sets 

of 4 equations in the 

dral pairs. 




three unknowns, jc, y and ^ were used. As in In stoichiometric magnetite, we do not 
the previous analysis, 4 sets of equations expect any difference between hypothesis 
testing hypotheses (8A) and (8B) under the (8A) and (8B). because when the Fe-' and 
two conditions for M, were used. Fc^‘ ions on the octahedral sites arc grouped 

Table 4 lists the results of this analysis. into pairs, all the ions on the octahedral sites 

Table 4. Re s idts of lea s t -squares analys is Jor F e^ O i - F 


F'lcctron exchjtngc 


Sample 

M 

hypothesis 

r 


- 

x" 


()■(> 

(A) 

22-014±0-008 

5.S6?±0'()0I 

7-927 ± 0 003 

4 5^ 10 ^ 


00 

(B) 

2I'9±2-() 

5'55 to 57 

7 91-^:0-86 

I7-: 


55-85 

(A) 

23-4l7±0-005 

5-9l7± 0 0005 

8-275 ±0-003 

4-4 X 10 ‘ 


55-85 

(B) 

23-42 ±0 92 

5-92 ±0-09 

8-3{I±0 63 

18-9 

The fit of the data for FciO,-F 

appears to are 

used up. In 

addition, since 

there are no 


be somewhat belter for M ~ d-0 than for M == defects in the octahedral sites, there is no 
55‘85. I his is reflected, not in the values ‘naturar way of grouping the ions into pairs, 
of obtained, but rather in the fact that for Under these circumstances, we would expect 

M — values of greater than (he the electron hopping to be just as easy be- 

permissible maximum of 8-0 have been tween pairs as within pairs, and this could be 
calculated. envisaged as a complete delocalization of the 

From the vaiiics of c obtained for M - exchange. We should also expect a gradual 
00, it is also apparent that the tetrahedral change in the physical properties of mag- 

sites, even in this highly non-stoichiometric netites, as the composition becomes less 

magnetite, arc nearly completely occupied stoichiometric, until we arrive at the pair 
by Fe''‘ ions, and, therefore, that the impuri- localized hopping which appears to be mani- 

ties and vacancies are predominantly located fested, for example, by Fe.jOrF. A compari- 

ai the octahedral sites. son of the values of x' from Tables 3 and 4 

Of greater interest is the fact that the values appears to confirm such an assumption, 
of x“ obtained with hypothesis (8A) are re- 
markably small, while those obtained with conclusions 

hypothesis (8B) are considerably beyond the From the results of X-ray analysis and the 
reliability limits. It would appear, therefore, magnetometer test, it would appear that non- 
that the fast electron exchange process in a stoichiometric magnetite has the same 


s 
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crystallographic structure as stoichiometric 
magnetite. In both cases, therefore, the unit 
cell consists of a cubic cage of 32 oxygen 
anions with up to 24 iron cations located at 
interstital positions, eight of which are tetra- 
hedral and 16 are octahedral sites. This result 
agrees with the known fact that y-Fe;,0|, 
which may be considered as an extreme 
example of a non-stoichiometric magnetite, 
also has this same crystal structure(31. 

As expected, the magnetic field at the Fe 
nuclei in magnetite proved to he negative, 
i.e. anliparallel to the direction of the local 
magnetization. In addition. Mdssbauer 
spectroscopy in the presence of an exter- 
nal magnetic field, demonstrates in an easy 
and direct manner, the existence of two 
anlifcrromagnetically coupled sublattices in 
magnetite. 

It has been found that the laimb-Mdss- 
bauer factor for iron ions in octahedral and 
tetrahedral sites in Fc,0, are equal within 
experiment a! error. This agrees with the pre- 
viously obtained result [6|, that below the 
transition point in magnotilc, the hyperfinc 
pattern due to the f e'‘ ions at the octahedral 
sites appeals to have the same intensity as 
that due to the Fc‘ ions at the tetrahedral 
sites. 

Both in highly as well as in slightly non- 
stoic hiometnc magnetite, nearly all of the 
available tetrahedral sites appear to be occu- 
pied by Fc'“ ions, with the vacancies and 
impurities predominantly located at octahe- 
dral sites. This result supports (he evidence 
that in y-FeX);., the vacancies arc predomi- 
nantly located al octahedral sites 1 1 1 1. 

In highly non-stoichiometric magnetite, 
the available cation sites not occupied by 
iron ions appear to be vacant or occupied by 
impurities of low mass. 

We have shown, in this experiment, that 
the fast electron exchange process, first 
proposed by Verwey(2,5], and confirmed 
microscopically in 1961 by Bauminger e/ dl. 
[6] by Mdssbauer spectroscopy, is essentially 
a localized phenomenon, occurring princi- 


pally within the available (Fe^^-Fe^^) octa^ 
hedral pairs. In a highly non-stoichiometric 
magnetite, the process appears to be com- 
pletely pair-localized while in a magnetite 
only slightly non-sioichiometric, the process 
appears to become somewhat delocalized. 
In general, any non-paired Fe^' octahedral 
cation does not participate in this exchange 
proce.ss. 

We are now able to explain, qualitatively, 
the results on conductivity measurements 
made by Verwey and Haayman[21 on mag- 
netite samples of varying stoichiometry, 
Briefly, they found that magnetite exhibits 
a conductivity at room temperature many 
orders of magnitude higher than that of any 
other simple ferrite, and that there is a rapid 
decrease in electrical conductivity with 
increasing non-stoichiomelry. 

The fact that the room temperature con- 
ductivity of magnetites of all compositions is 
much higher than for other ferrites, can be 
attributed to the presence of the fast electron 
exchange process which occurs in all magne- 
tites al this temperature. The existence of 
such a process obviously increases the 
mobility of the electrons under the presence 
of an applied electric field. 

In a highly non-stoichiometric magnetite, 
the electronic wavefunctions, representing 
those electrons participating in the electron 
hopping process, are localized to regions in 
the octahedral siiblattice containing an FV^ 
and an Fe'^‘ and the intervening 0* ions. In 
a highly stoichiometric magnetite, these 
wavefunctions can become somewhat de- 
localized and extend over larger regions, In 
the singular case of a perfect lattice these 
wavefunctions can become Bloch or quasi- 
Bloch wavefunctions extending over the 
entire octahedral sublattice. Such an inter- 
pretation easily accounts for the observed 
critical dependence of the conductivity of 
magnetite on its stoichiometry. The rapid 
decrease in conductivity with only slight in- 
creases in non-stoichiometry is due, there- 
fore, not to any disappearance of fast electron 
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exchange, but rather to the localization of 
the electrons to regions encompassing avail- 
able octahedral (Fe'^^^-Fe^^) pairs. Thus, if 
we consider two separate probablities or 
frequencies, one related to intra-pair election 
hopping Vjf and the other to inter-pair hopping 
/// , then is not critically dependent on lattice 
stoichiometry while is highly sensitive to 
lattice stoichiometry. In a perfect lattice vi ~ 
i/p while, in a highly non-stoichiometric lattice, 
vl ^ Vj,. Since macroscopic conductivity is 
more a function of than the conductivity 
can be expected to decrease rapidly with 
increasing non-stoichiometry. 

Ackmiwlednemi'nis-'^c should like to express our 
gratitude to Mr. K. R. ('ollins for carrying out the 
computation of the results of our measurements. This 
work was supported by the National Research Council 
of Canada. 
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OPTICAL ABSORPTION OF SELENIUM IN THE 
a-MONOCLINIC CRYSTAL AND SOME SOLVENTS 

J. M. CAYWOOD and J. D. TAYNAI 

California Institute of Technology, Pasadena. Calif. 91 109, U.S.A. 

{Received 25 Oc tober 1968) 

Abstract -The optical absorption of a-monoclinic selenium has been measured over the range in 
wavelength 1 ■ 15-0-2775 al. The data shows a well defined absorption edge at 2-25 eV with further 
structure appearing as changes in da/dE at 2-85 eV and 3-75 eV. For comparison the absorption of 
selenium in solutions in which it is believed to exist in the same eight-mcmbered puckered ring as in 
the crystal was measured, This absorption is qualitatively different from that of the crystal. 


1. INTRODUCTION 

In the course of investigations of a-mono- 
clinic selenium in progress at this laboratory, 
it was discovered that although the optical 
properties of amorphous and trigonal selenium 
have been extensively sludied[I-3], Prosser, 
alone, has reported measuring the optical 
constants of a-monoclinic seienium[4]. These 
measurements extend over the range in wave- 
length from 0'876 to 0*592 /x. However, in 
order to investigate the structure of the 
excited states one would like to extend these 
measurements to considerably shorter wave- 
lengths. A technique has been developed to 
grow extremely thin platelets of t^-monoclinic 
selenium which has allowed us to extend 
these measurements. To compare the optical 
absorption processes of a molecule in the 
crystalline environment (in which it might 
he considerably perturbed by the surrounding 
selenium molecules) with that of a molecule 
in a less perturbed condition, the optical 
absorption of selenium dissolved in various 
solvents in which it is believed to exist 
primarily as SCk molecules was also measured. 

2, cr-MONOCUNIC CRVSTAUS 
( A ) Sample preparation 
Small platelets of a-monoclinic Se were 
grown on quartz optical windows by cont rolled 
evaporation of a saturated solution of CS.. 
The selenium solute was 99*99 per cent pure 


while the CSj was reagent quality. From the 
numerous platelets grown on the window 
several were chosen. These crystals were 
chosen because they were large (typical 
dimension of 200^), of uniform shape and 
of uniform thickness as determined by inter- 
ference-contrast microscopy. Measurement 
of the angles formed by the edges of these 
platelets showed that the platelets correspond 
to those of the (101) face of the a-monoclinic 
crystal, as determined by Burbank, to within 
better than 10 min of arcl5,6]. Figure I 
shows a crystal which is typical of those used 
in these investigations, Finally, an aluminum 
foil mask through which a hole of 100^ 
diameter had been drilled was cemented over 
the platelet to define the light path through the 
crystal. 

(B] Pxpcf I mental appaniins and procedure 

The monochromatic beam \^.*\^ piouded b> passing ihe 
light from ihe source through a Spex model 1400-11 
double spcclronieier using 600 line per mm gratings 
bla/cd at 5000 A Because ihis is a graling't\pc inslrii- 
meni care mu'.! be taken to a\oid secesnd (and higher) 
order nidialion. I his difficulty was avoided by employing 
as deteelois vacuum photodiodes which had appicciable 
response only over an octave in wavelength 

In (his appaialus (he light from (he source w.is chopped, 
passed through the monochrom.itor. focussed onto the 
sample assembly by a 90" otf-axis paraboloid, front 
suiiaced. i educing miiTor, and detected by ihe atorc- 
mentioned photodiode, I he output of the photodiode 
WHS amplified, dcmodulaicd by a PAk model HR-8 
phase lock amplifier and read from a digital voltmeter 
For calibration purposes similar measurements were 
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made* UN/ng a similar mask cemenied lo a clean quarl7 
window 

After the iransmivsion measurements were completed, 
the maslis were renu^ved. the crystals w'erc overcoated. 
and the thickness of the crystals was measured using 
Ihe Nomarski inlerferomeler attachment of a Reicheit 
microscope To resolve the ambiguity inherent to 
mtcrfcTomet/ic measutement of sharp steps, measure- 
ments were made at the Th ^351 A line and the Na 
llnc^ consistency iirgumcnls were then used (o un- 
ambiguously determine the thickness 

{C} R (‘Mills 

With ihik .sy.stem it was relatively easy to 
cover more than 3 orders of magnitude in 
relative transmission with good reproduci- 
bility and little scatter Figure 2 shows a plot 
of every second point from a data run on 
sample Sc()4. 

Figure 3 is a plot of — (In 7')/c/ for two 
samples of different thickness, where T is 
relative transmission and (/the corresponding 



?05 ■ es 50 53 

hi/ (fV) 


1 ig 2 kclativc iransnussion of a typKal platelet of n- 
rnonociinic Sc. 


thickness. Sample Sc()4 was 4 1 02 ±61 A 
thick while ScOO was 1 060 ±48 A thick. 
The errors rcprcsenl the 95 per cent con- 
fidence limits of Ihe StudenFs test calculated 
from repeated measurements. Since the rela- 
tive transmission, and not the absolute 
iransmission. was measured, the highest trans- 
mission point of Se09 was set at unity and 
the level of Se04 was chosen to fit the two 
curves in the region of high absorption where 
reflections are unimportant. It can be seen 



< 

d 

5 


big. 3 Normalized absoiplion of two a-monoclinic Se 
crystals. Sc ()4 was 4in2±61 A thick while Se09 was 
1060:^48 A thick, 


that the fit is quite good throughout the 
region of high absorption. There is a well- 
defined change in the slope at 2-85 eV and 
a less well-defined change in slope around 
3-75 eV. The fluctuations in the high energy 
region (above -3-7 eV) are scatter, not 
structure. The measurements were extended 
to I * 15 // in the case of Sc04, but no variations 
beyond those which could be attributed to 
interfeicnee were observed. 

The planes of the Sen molecules are 
arranged approximately perpendicular to the 
(101) face. Since the angles formed by the 
edges of the (101) lace differ by 4°, (he 
orientation of molecular plane within the 
crystal could be determined. Measurements 
were made in which the electric vector was 
polarized approximately parallel and perpen- 
dicular to these planes. No large difference 
was noted between the transmission of the 
crystal for polarized and unpolarized light. 


X SOLUTIONS 

{A)Sii)fipl(^ prepurauou and (wpenmenKil proc edure 

I ransmisMon measurement were made of 99-99 per 
cent pute selenium dissolved in C'S^, in toluene, and in 
trichlorethylene (TCP). I he ('82 used was reagent 
grade The TCP was reagent grade which was sub- 
sequently distilled prior to use. The toluene was spectro- 
scopiegrade. 

Transmission measurements employed a Cary model 
14 spectrophotometer which uses a time sharing system 





Fig. I. A typical crystal used in the transmission measurements. 
This crystal was about 1800 A in thickness. 


[Facing page 1574] 
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to eliminate the effect of the solvent and container. To 
check this, the transmission cells were always filled with 
an unadulterated sample of the solvent to be employed 
and a transmission spectrum was taken before the solution 
was placed in the cell. 

Concentration was determined by weighing the residue 
from repeated evaporations of known quantities of the 
solution and subtracting the weight of the residue from 
repealed evaporations of unadulterated solvent. The 
weight of the latter was always small (<3 per cent) with 
respect to the weight of the former. 

(B) Reslilis 

In Fig. 4 is plotted the atomic extinction 
coefficient of an approximately saturated, 
room temperature solution of selenium in C S.j. 
Earlier workers have reported different results 



hi/(eV) 


hig 4. Extinction coefficient of selenium dissolved in 
C'Sj and tnchlorethylene (TCT ) 

[7]. CS .2 begins to absorb strongly in the 
vicinity of 3 25 eV. It was found that because 
of this, special care had to be taken to obtain 
meaningful results in this region. The same 
coefficient for a solution of ^ of that concen- 
tration is the same to within the limits of the 
error bar. 1 his demonstrates that there is 
no appreciable concentration effect. In addi- 
tion to the random error indicated by the error 
bar on the graph there is a possible systematic 
error of ±7 with 90 per cent confidence from 
uncertainty in determination of the concentra- 
tion. 

Also shown in Fig. 4 is a plot of atomic 
extinction coefficient of selenium dissolved 


in TCE. The low solubility of selenium in 
TCE results in a possible systematic error 
from the concentration determination of 
±23 with 90 per cent confidence for this 
curve. The data for toluene was qualitatively 
similar to that for TCE. 

4. DISCUSSION 

Using Prosser’s values(4) for n and k 
and equation (5) of Appendix 1 to evaluate 
the transmission for wavelengths in the 
vicinity of 0 6 /n and selenium thicknesses 
of 0-1 ju one finds that the transmission of 
the selenium-quartz combination relative to 
clean quartz is about 0-98. This implies that 
the zero of the absorption constant, alpha, 
in Fig. 3, is correctly placed. Similarly evaluat- 
ing equation (5) fora sample of 0-4 /x thickness 
one finds fair agreement with the baseline 
chosen for Sc04. One can then interpret all 
of the change in transmission of Se09 as 
being due to absorption so that the curve in 
Fig. 3 does represent a as indicated. Absorp- 
tion in Se04 begins at the same energy as it 
does in Se09, but, because of the reflection 
correction, has initially less effect unlil 
absorption dominates the loss whereupon the 
curve merges with that of Se09. Extrapola- 
lion of the linear portion of the Se09 curve to 
zero intercept yields an optical absorption 
edge of 2-25 eV at room lempcralure. This 
is in good agreement with Prosser [4]. A plot 
of the square root of a vs. photon energy 
is linear over the range 2‘]-2-4 eV[81. The 
optical absorption may quite generally be 
taken to be the density of occupied lower 
slates limes ihe density of unoccupied upper 
states limes the square of the matrix clemcnl 
for the transition between these stales, 
integrated over the energetically allowed 
transitions. Thus the breaks m do/dE probably 
represent changes in the group symmetry of 
either the initial and/or the final states involved 
in the transition. 

Turning to the measurements of Se in solu- 
tion one might ask what evidence exists for 
believing the predominant molecular species 
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in ihe solvent to be Sch- Ifone takes a saturated 
solution of Se in CS^ and places several drops 
on a microscope slide, the CS. will evaporate 
in about one minute leaving behind platelets 
of a-monoclinic selenium with dimensions 
of the order of 50//. However, the thermo- 
dynamically stable crystalline form at room 
temperature and atmospheric pressure is the 
trigonal, which is composed of helical 
chains, fhe fact that one observes a-mono- 
clinic crystals precipitated from the CS-. 
solution tends to indicate that this is a kinetic 
process which deposits the molecules m the 
Ibiin in which they cmsI in the solution (i.e. 
Seb- I he same experiment with Sc dissolved 
in IC b' yields small a crystals. But a much 
laiger piopoi tiDp of the selenium is deposited 
ji) what appear to be amorphous globs than 
is the case with ( Sj solutions. 1 his may in- 
dicate that in the case of rci. the selenium 
exists in the ^ollltlo^ in other molecular forms 
besides Se., On Ific assumption that Se\ 
IS tile prediumnanl molecular species, the 
molar ext me I ion coeHicierU is indie a ted on 
the right of I ig 4. 

I'xaminiiig l ig 4 one obsei\es the exlinc- 
lion coedicicnl, e. to mcicase approximately 
lineally with inci easing j-jliolon energy fiom 
llie onset ol Mgiiificaiil absoiplion in the 
vieiniiy of 2-1 eV to the vicinity of V3 cV foi 
both Ihe ( Sj and the l( \ solutions In the 
vieiiul> of 3 3 eV the slope o\ f steepens 
loi hoih solutions Hevond this point the 
iibsoiplion of the CS^ limits the range of 
measuieinent I he IC'l: data show a peak 
at 3 SeW a wilicy at 4-0 eV follovNcd by an 
increase of iindetei mined extent. 

4 he similaiii^ of (he shapes of the ( 
and 4'('F curves at louci' energies aigues in 
favor of the same nioieculcs in each w'hile 
the difference in amplitude argues for a con- 
centration difference for this molecule species 
in the two solutions. f)nc possibility would 
be for there to he a picpondcrance of Se^ 
molecules in the CS. while in the T('E about 
one half of the selenium is in the form of other 
molecular species. If a membrane which is 


permeable to the solvents, but not to Sck 
could be found, measurements of osmotic 
pressure could determine the molecular 
fractions. 

C'omparison of ‘e’ for the case of the solid 
to the case of the solution (see Fig. 3 and 4) 
shows that in the solid the absorption edge 
has been shifted in energy by about 0^5 eV. 
However, de/d/; in the linear regions of the 
two curves IS approximately the same. This 
w'ould lead one to believe that the intermole- 
cular interactions in the solid, while not small 
(certainly stronger than Van der Waal's 
interactions), do not grossly perturb the 
density of stales or the transition matrix 
elcmcnls. 

5. SUMMARY 

1'he optical absorption of selenium in the 
(V- monoclinic crystal and in solutions of 
oiganic solvents has been observed. Ihe 
absorption edge is 2*25 eV for the former 
and 2-7 eV for the latter, The intermolecular 
bonding is stronger than Van der Waal’s in 
this crystal. 

■U ktun\ — Wk aulhors wish to cxpicss ihtir 

iiHlcblcdncss U) ihc ( anadian C oppci Refiners I Ul 
loi MippUmt; ihe setenium. to Mr S liT’ima for his 
valuable assistance in growinj* the crystals, and (o Mi S 
I Km tin (oi main valuable discusMoiis conceiiiing 
ojUical measiircinents Ihc aulhors, especially, wish lo 
aeknow'led^ic many helpful discussions with Professors 
C A Mead and M-A Nicolet. and l)i S. (^.Jcller. 
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APPENDIX I 

In allempling to unravel the transmission data, one is 
faced wjih solving the problem of light pas.sing from one 
medium through two dissimilar media, reemerging into a 
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medium of the same index as the original medium. This 
problem may be solved in a straightforward, if tedious, 
manner by requiring the solution of the wave equation 
and its derivative to match at all three boundaries. Under 
the simplifying assumption of no absorption in the second 
layer {e.g. the quartz substrate in our case) the solution 
reduces to 

T= 16/[C, + G 2 cos{47n?2d/A) + C', sin(4fl’7}ad/\)] (1) 


and 17 ,, is the index of the initial surrounding media. After 
considerable work one can show this to be a special case 
of a genera] relation derived by Koller{9t. 

The question arises of how to handle the sinusoidal 
terms of argument 47 rnd/A, Since the monochrometer 
has a bandpass of about 10 A in the configuralion m 
which it was used it seems clear that one should average 
over the bandpass. Defining AA to be the bandpass and 
Ao to be the nominal wavelength one obtains 


where T is the ratio of transmitted to incident power, 
d is the thickness of the second layer, is the index of 
refraction of the second layer, and A is the free space 
wavelength of the incident light. 

+ J sm {47Tna(\) 

4-2{AiA^ sinh( 47 rAfl/A) 


Ts + cos(4TrT,„dAX/\„* + M» 

where 0 is a quantity which doesn't vary during the 
averaging. Then (T) - / 7'd(AA)//d(AA), but since the 
argument of the cos goes through many cycles (- 10 ) as 
AA ranges over 10 A 


X cosh(47rAfl/A) 

(^i — (A + A 2 ^ + A:i^ ^ A —At^^ — Aa^} cos(47rw«/A) 

4 2(/4|/4|i — sin(47r/7«/A) (2) 

-^-liA^A^-AiAn) sinh(47rA«/\) 
4-{A;^-A2‘^~A,^A-A,‘^+A,^~-A,^) 

X cosh (477 Art/A) 


(T) ^ 


A^’'{16<V/[f;,ll + ({ 6 ',“ + ')cosv>]} 


f'iir 

L ^ 


(4) 


because the integral over a partial cycle is small with 
respect to ihe integral over many cycles. Therefore, 


Oi = 2 {A2As—A-iA4) co!s{4TrnalK) ^-liA^A^i—A^A^) 

X sin(4;7'«rt/A) + cosh(4;rA^?/A) 

4-2[A\Az^Af,A^) sinh(47rA«/X) 

where n and k are respectively the real and imaginary 
parts of the index of refraction of the first (e.g. selenium) 
layer. \i' is the thickness of this layer and 

^, = 2 

A‘i - n{y)2^4-n^->rk}]lT)2{n^ + k}) 
k{n^4-k^-Tl/)Mn^4-k'^) 

A4 = V)/T/o(n^ + A*) 

^( 1 = + 


/J) ^ : 

G,[l“({G4-fG,*)/G,0]''"' 

It might be asked why the cos if term of equation (4) 
doesn’t average to zero One way of seeing this is to write 


I 4-ii cos(^ 


= d«^ ( 1 - cos cos^ (^ + . . . ) 


and then note that while the first order term does average 
to zero over a cycle as expected, the second order term 
IS always positive. The effect of the correction term. 
(G 2 * + G 3 ^)/Gi* is of the order of 0-2 to 4 per cent for 
cases that might be encountered in practice, values that 
are small enough to justify the approximation made, but 
large enough to affect the values calculated for « and A. 
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SPACE-CHARGE-LIMITED CURRENTS IN TETRACENE 
SINGLE-CRYSTALS 

H. BAESSLER^ G. HERRMANN, N. RIEHL and G. VAGBEL 
Physics Department, Tech nisc he Hochschulc Miinchen, Germany 
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Abstract -It is established that gold and palladium form ohmic contacts for hole injeciion into sub- 
limation grown teiracene crystals. Ohmic electron injecting contacts are formed by sodium and barium 
The resulting SCL-currents can be described conventionally assuming an exponential trap distribution. 
Since the total trap density = 3- and the distribution parameter I = (7V//*) = 4 0 ±0-3 (urn 

out to be equal for electron and hole traps, wc conclude that the same defects are able to (rap both 
electron and holes. Temperature variation of the SCL-currents yields the energetic distance of the 
Quasi-Kermi*level of electrons respectively holes from the lowest conduction respectively valence 
band, Its dependence on the applied voltage is in accordance with theory. The dependence of the SCL- 
currents on voltage and spacing of the electrodes can be described by j - {F‘*'ld‘). 


INTRODUCTION 

SPACE-charge-limited (SCL) currents are 
often used in the investigation of bulk prop- 
erties of organic crystals[I(a-e)|. Therefore 
there is considerable interest in finding appro- 
priate ohmic contacts. The energy condition 
for an hole-injecting contact to be ohmic is 
<!> ^ /,. where 0 denotes the work-function of 
the contact and /,. the work function of the 
crystal, i.e. the energy required to remove an 
electron from the valence band of the crystal 
into the vacuum. For an ohmic electron in- 
jecting contact (j) ^ = (£‘y = band 

gap, A,, is the energy which is set free when an 
electron from the vacuum is brought to the 
lowest conduction band of the crystal). For 
anthracene crystals (/,. = 5-65 e V [2], = 

3*72 eV[3], i.e. /J,. = 1-93 eV) these conditions 
are generally fulfilled only with electrolytic 
contacts[4, 5]. One exception is a Na-K- 
alloy which forms an (liquid) ohmic contact 
for electron injection at room temperature [6]. 

As energetics are more favorable for tetra- 
cene crystals (/,. = 5-25 eV[7], E„ is proposed 
to be 3*0 eV [8], i.e. Ar^ 2*25 eV) it is ex- 
pected that pure metals can be utilized which 
would be of considerable practical advantage. 


* Present address: Drexel Institute of Technology, 
Philadelphia, Pa. 19104, U.S.A. 


The present experiments show that indeed 
gold and palladium form ohmic contacts for 
hole injection and Na an Ba for electron 
injection without illumination. Investigation 
of the resulting SCL-currents yields informa- 
tion about trapping levels in letracene and 
about the position of the Fermi-level in the 
bulk. 

EXPERIMENTAL RESULTS 

Tetracene crystals were grown by sublima- 
tion in a nitrogen atmosphere (20Torr.). The 
starting material was obtained by Schuchardt 
and further purified by vacuum sublimation 
(1 ... 3 times). At a growth time of two days 
crystals up to a thickness of 600 /Lt could be 
harvested. All metal contacts were evaporated 
at lO’^Torr. to be ab-plane of the crystals. 
Oxidizable metals like Ba and Mg were 
covered with a protective Pd layer, thus the 
crystals with the contacts could be handled in 
air. Only the measurements with Na-contacts 
were performed at about I O '* Torr. Currents 
were measured with a Cary vibrating reed 
electrometer, a Keithley /A/A-ammeter and a 
/i -ammeter, respectively. 

RESULTS 

It is well established that a K\IU solution 
gives rise to a SCL-hole current in anthracene 
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A« the barrier heights for contacts (i.e. KI/I„ Au, Pd, Na, Bai 


crystals! ^nsity vs 
charge \n3CCU0n are 10 . I^pul ^ not crystal thickness at a constant field of f I 

tals. there is no ^ason ^ 9^,0^ V/cm yields the »me y-valoe ,The 

an nhmic contaci lu >vi ,....•_ 


ofKI/I.. as a reference electrode. Theobservefl 

/( F) curve indeed follows a power lawy ~ f' 
which is typical for SCL-currents assuming 
the existence of an exponential trap distribu- 
tionlFig. !)• 

As the values for the dark currents obtained 
with Na, Ba, Au, and Pd contacts fit the same 
power law y- F" with n = 5-0±0-3 over 
many orders of magnitude (see Fig. I). we 
conclude that these metals also form ohmic 
contacts. The dependence of fhc current on 
crystal thickness can be used as a criterion 
whether the currents injected from these 
metals are really limited by a space charge 
located in trapping states exponentially dis- 
tributed in energy. According to Mark and 
Helfrich[l(b)] the SCL-current should follow 
the law: 


y = A'„/x.c' 


€ 


W„(/F1) 


)'( 


/ \72/+l 
/Tl 

yin 
^1 


1+1 


/ri+i 


(I) 


yV„ is the effective density of states in the 
valence, respectively the conduction band, ^ 
is the mobility, € the dielectric constant, the 
vacuum permittivity, e the elementary charge, 
//„ the total trap density, d the crystal thick- 
ness, r the applied voltage and l=TrlT 
where 1] characterizes the trap distribution, 
I hc average value for / obtained from 1 5 j{V) 
curves taken with different crystals and 


experimental points in Fig. 2 fit the relation 
This presents evidence that the 
current is not only volume controlled hut 
space-chargc-Zim/fcd. The fornier case is the 
more general one and includes the situation 
where the space charge is contracted within a 
narrow region near the injecting contact. For 
example, this can be the result of spatially 
inhomogeneous trap-emptying caused by 
barrier-lowering due fo Frenkel-Poole effect. 

In this case the jiV) curve should only depend 
on the electric field, but not on the thickness 
of the sample [9]. 

The polarity of the injected carriers was 
determined by combining an injecting contact 
with a non-injecting counterelectrode, ag. 
water to which small amounts of MgOH were 
added in order to reduce the contact resist- 
ance. (Injection from the water electrode is 
negligible compared with injection by an ohmic 
contact). The results are summarized in 
Table I. 

Despite the fact that there is probably a resi- 
dual energy barrier which has to be over- 
come thermally, Au and Pd form ohmic 
contacts for hole injection and Na and Ba 
form ohmic contacts for electron injection. 
With respect to the uncertainty of the values 
for the work-function, the error in the cal- 
culated barrier heights x is quite large. Crude 
estimations, however, show that a thermal 
injection current of lO^'^cm"^ is compat- 
ible with a barrier height x 0-5 eV. (10"^ 
cm“^ sets an upper limit for the current 


Table 1. Comparison of calculated values for injection 
harrier heights and the ‘polarity’ of the injecting contact 


Melal 

<f> 

(eV)flOI 

- A 
(eV) 

X =(f>~Ar 

(eV) 

Injected 

carriers 

All 

4-78 .5-3I1I1 

0 . 0-47 


holes 

Pd 

4*% ,.5-4fl21 

0..0-3 


holes 

Na 

2-3 


0'05 

electrons 

Ba 

2 55 


0-3 

electrons 
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CRYSTAL THICKNESS tc/n) 


Eiii 2 Ihukncss tlcpL'iidcnce nt ihc S( 1 -cm rent al 
Lonsutnl <ipp)icd lichi f^J « ]0'‘V/cin), dpen lijcIc^' hole 
enticnts, full clcclum cmj renK 

hcciiusc of beginning thermal breakdown. Up 
lo this value no deviation of the S( U current 
from / [ is observed, f lence. the saturation 

value of ihc injection current must be at least 
10 'em '). 

Ihc thermionic emission is given by 
A' r e\p( )■ Inserting T -- .WUK, 
y > 10 ' and assuming A' - 10 ' Acnv" 
grad “ yields x- O-.SeV. A similar value 
foi X obtained if the assumption is made that 
the injection current is due lo thermal excita- 
tion of charge carriers (rapped at suiiace 
slates rather than lo the transfer of thermally 
excited hot metal electrons. In this case the 
saturation current should be given by j-'= 
cNvii\^{~\lkT)\l\. p^lO^sec' is the 

•■Eor ihcrmionic emission t'roni meUils into unbound 
Vticuum states it holds /t ~ 611 Acm 'grad '• A icduction 
orabcuii ^ orders of magnitude for thermal emission into 
a narrow conduction hand might be expected by compar- 
ing of the giumlum yield for phoiocmission into vacuum 
.slates and mio the lowest conduction band of anthracene 


atiempt-lo-escape frequency, N denotes the 
density of surface states. Experiments with 
anthracene have shown that N is in the order 
of 10‘‘*cm*^[14]. Inserting these values to 
equation (2) yields an upper limit for the 
distance of the surface Fermidevel fixed by 
surface charges from the conduction respec- 
tively the valence band; x ^ ^^’55 eV. The 
estimated values for the barrier heights 

in Table ) 

are lower than 0*5 eV. Since they are cal- 
culated assuming that surface trapping can be 
neglected we must conclude that surface 
potentials ^ due to trapped surface charges, 
which contribute lo the barrier height, are 
lower than 0-5 eV. 

Non-ohmk i ontcu ts 

According to the work-functions it is ex- 
pected that Pb (4)”4-0eV) and Mg (0 
3 7 cV) will not form ohmic contacts to 
letraccnc. This is confirmed by the measure- 
ments (see Fig. !). 

With lead contacts the cunenl flowing at 
an external field of 4xlO'V/cm is about 
four orders of magnitude lower than the SCI, 
current at the same field and docs not obey 
a power law. 7’he same is true for the current 
observed with Mg-contacts. The temperature 
dependence of the current provides further 
evidence that Mg does not form an ohmic 
contact lo letracene. In the next section it will 
be shown that with an external voltage of 
200 V applied to a 250 /x thick crystal, the 
activation energy of the SC L current is 
expected to be 0*83 cV, In contrast to this the 
current obtained with Mg-contacts follow's an 
Arrhenius plot with an activation energy of 
l-20±0‘02cV. 

A straightforward explanation would be the 
following one: The current is a non-SCL 
injection current with E being the barrier 
height for injection of either holes or elec- 
trons[l5|. Assuming the work-function 
3 63 eV[]0], the estimated barrier 
heights are x-= ^•38eV and x+=l*62eV. 
The experimental value of l*2eV could be 
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identified with x- However, the maximum 
thermionic injection current at room tempera- 
ture which is compatible with a barrier height 
of 1 -2 eV should be about 10'“* Acm'^ 
whereas the observed current is about 10'^^ 
Acm'^ at lO^V/cm. Furthermore, the field 
dependence of the current is not in accord- 
ance with the Schottky theory for thermionic 
emission. So far the origin of the current 
observed with weakly injecting contacts is 
not quite clear. 

Application ofSCL<urrents 
It has been shown that Au and Pd contacts 
give rise to SCL-hole currents and Na and 
Ba to SCL-electron currents. They can be 
used to determine the trap distributions for 
holes and electrons. As hole and electron 
currents show the same dependence on the 
spacing of the electrodes aIiy(T)-curves can 
be reduced to the same crystal thickness. 
After performing this procedure all SCL-j( V)- 
curves coincide. There is no systematic devia- 
tion between hole and electron currents. 
Hence both the hole and the electron trap 
distribution must be given by h{E)6E = 
{HJkTr) exp(-E/fcTe) d£ with the character- 
istic temperature T, = 1200± 100°K. In the 
case of holes, E is taken relative to the top of 
the valence band; in the case of electrons, it is 
taken relative to the lower edge of the lowest 
conduction band. If we assume a mobility 
/X = 0'5 cm"^ sec“' both for electrons and 
holes[I6], an effective density of states = 
4x 10^' cm"^[l(a)] and a dielectric constant 
€ = 3-8 equation (I) yields a total concentra- 
tion Ho = 2'5 X 10**^ cm (error: a factor of 2) 
both for electron and hole traps. The numerical 
coincidence leads to the conclusion that the 
trapping sites for holes and electrons are 
identical.* This seems to be reasonable as 


they are preferentially associated with struc- 
tural defects rather than with chemical 
impurities [18, 19], These defects can be point 
defects or dislocations [20] at which the lattice 
parameters are changed. Using the Born 
formula = p“ = {e^llr) (e- 1/c) as a 
rough estimate for the polarization energy of a 
localized charge in a medium with the die- 
electric constant € it is evident that a change 
in the average molecular distance from r to r' 
causes a change in the polarization energy 
for a charge regardless of the sign of the 
charge: 


A trap is formed ifAp > 0,i.e. forr > r\ Our 
experiments showed that crystals grown from 
I to 3 times sublimed tetracene gave identical 
values for the parameters of the trap distribu- 
tion. Only crystals grown from unpurified 
material had a slightly higher trap concentra- 
tion and a distribution parameter 1= 7^17 = 5 
instead of 4 found with purer samples. This 
apparent independence of the trap distribu- 
tion on the chemical purity of the crystals 
indicates that the binding energy of the 
trapped carriers mainly results from the struc- 
ture dependent additional polarization energy 
and not from an enhanced electronic binding 
energy at impurity molecules having higher 
electron affinities or lower ionization energies. 

If a certain trap distribution rather than a 
single trapping level is present in a crystal, 
the position of the quasi-Fermi-level depends 
on the magnitude of the stored charge and 
hence on the applied voltage V. In the case 
of an exponential distribution the energy 
distance of the Fermi level from the conduc- 
tive state near the noninjecting contact can be 
expressed by 


* Recently it has been found that this is true for surface 
traps in anthracene crystals, tool 14), For bulk trapping 
states in Harshaw>anthracene crystals a similar result 

was obtamedlH]. With very pure anthracene crystals, 
however, it is often found that the concentration ot 
electron traps is lower than that of hole traps 1 1 (a)). 




./( 2 /+ 1 )- : 


The density of free carriers, which is propor- 
tional to the current, is given by 
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exp (-ErlkT). Therefore, the temperature 
dependence of the SCI. -current yields . 
With solid contacts the temperature depen- 
dence can be determined quite easily. The 
values for Ef at various voltages are plotted 
in Fig. 3. For comparison the theoretical 
curve is plotted as well. It is adjusted to fit 
the experimental point for T = 400 V. This 
corresponds to choosing = 3-3 x 10'''cm~-^ 
which is in good agreement with the trap 
concentration derived from the current- 
voltage plot. 



hi)* Atiivnlinn energy of the SC'L-cuiieni veiMis 
applied voltage. (Cryslal thickness 250 /a) Open circles, 
hole currents iniected from An and IM, full circles: 
electron current mjecied fiom Ba. The solid line is the 
theoretical dependence of the distance of the Quasi- 
Fernii-level from the valence respectively the conduction 
band on the applied voltage, normalized to the experi- 
mental point at 400 V. 

f'he good agreement between experiment 
and theory provides evidence which is inde- 
pendent from the current-voltage-behavior 
that at least in the energy range 0*92 ^ ^ 

0*7 eV the trap distribution is indeed very 
close to an exponential one. From the current- 
voltage plots which do not show any deviation 
from the power law ; up to F = 3 X 10^ V 


at a crystal thickness of 250/i. one can infer 
an energy range 0-9 > Et> 0-6 eV in which 
the traps are distributed exponentially. 

So far it seems that the trapping properties 
are quite analogous to that found with anthra- 
cene crystals grown under similar conditions. 
Therefore, one can suppose that the positions 
of the Fermi levels are approximately the 
same, too. Hence the threshold photon energy 
for optical release of trapped electrons (or 
holes) by direct transition to the conduction 
(resp, valence) band should be near 0-9 eV. 
This is just the value obtained by Many 
et aL\2\] lor the photoelectric response 
using a Na-K-alloy as one contact material 
which Mehl and Funk [6] have shown to give 
rise to an SCI-electron current. 
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Abstract-All experimental equation of stale has been determined for cesium metal at temperatures 
from 20° to 280°k and at pressures up to 23 kbar The results can be expressed analytically over the 
range 67-41 cm'Vmole to an accurac'y of 0-2 cm'^ by the relationship 

nv, n- (21 •5/2-84) [(66-5/1/)^ 11 + 3-65 X KTK) kbar, 

where V is measured in cmVmole. This relationship assumes that the isothermal bulk modulus is a 
function of volume only, that = 2-84, independent of temperature and volume, and that the 

molar volume and bulk modulus at T = 0 and P = 0 are respectively f ,, = 66-5 cm^ and = 21-5 
kbar. A summary is given of similar parameters for the other alkali metals. This summary emphasizes 
the differences (on a reduced scale) between the equations of stale for Li, Na. K and Rb (for which 
iiiBrrdP), - 3-8), and for cesium The relatively greater softness of the P-T relation for cesium 
possibly IS due lo the extreme sensitivity to compression of the electronic band structure of this 


metal. Transition parameters are given also (from 
at approximately 22 4 kbars at room Icmperaturc, 

INTRODUCTION 

The similarity of the alkali metals to ideal 
metals is closest for sodium, potassium and 
rubidium where the Fermi surfaces approach 
most closely to spherical shapes [1 -4 ). 
Lithium and cesium, on the other hand, are 
believed lo have relatively more anisotropic 
Fermi surfaces[l-3, 5], and in the case of 
cesium, this anisotropy is predicted to be a 
strong function of pressure [ 1 ] . 

The simplest, first approximation, lo the 
theory of the cohesive energy of the alkali 
metals makes use of this ideal behavior in a 
Wigner-Seit/ type of calculation [6, 7). A 
lattice of singly charged positive ion cores of 
radius is assumed lo be imbedded in an ideal 
free electron Fermi gas of equal charge den- 
sity. The cohesive energy per atom for the 
metal is calculated in terms of the energy of an 


“‘'Work wiis perfoimed in the Ames Laboratory of 
the U.S. Atomic Eneigy Commission. Contribution 
No. 2409, 

f Present address. Minnesota Mining and Manu- 
facturing Co., St, Paul, Minnesota. 


T to 300°K) for the Csl-II transition which occurs 

electrically neutral spherical volume (equal lo 
the atomic volume) which contains the finite 
volume ion core at its center and a uniformly 
distributed electron gas outside this core. The 
major contributions to the volume-dependent 
cohesive energy of such a system involve the 
pure electrostatic energy of the ion core-free 
electron gas system and the quantum mechani- 
cal kinetic energy of the electron gas. Con- 
tributions due to correlations and exchange 
are small in this simplest picture[7]. Flence, 
one would expect the volume-dependent 
contributions to the cohesive energies of the 
alkali metals to differ primarily through a 
parameter which has the dimensions of a 
length (i.e. ^tnd indeed this conclusion 
can be reached from our earlier equation of 
state data for sodiuml9), potassium[IO] and 
lilhiumll 1] and recent data for rubidiumf 1 2]. 

These conclusions suggest a spherical 
Fermi surface for lithium although the pre- 
cision of the pressure-volume data and the 
total compressions for this metal are quite 
small. The extreme compressibility of cesium 
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and the calculated sensitivity of its Fermi sur- 
face to volume changes suggest that indeed 
cesium could differ appreciably from the other 
alkali metals in its equation of state al absolute 
zero [ 1 . 21- The pressure-volume relationships 
for the other four alkali metals are identi- 
cal on a reduced plot of T/F,) vs. P|B^^ (where 
To and iio are the xero temperature and pres- 
sure values of the molar volume and the bulk 
modulus, respectively); Fermi surface effects 
could cause cesium lo deviate from this com- 
mon relationship. 

Haml 1). Brooks 12], Okiimura and Temple- 
ton[51, and Dugdale and his co-workers[3, 
13,14] have summarized evidence for the 
anisotropy of the cesium Fermi surface and 
ns sensitivity to compression. Of particular 
importance arc the experimental room tem- 
perature observations for cesium of a change 
in sign of the thcrmoclecinc power at 4{)() bar 
[131 and a minimum m the electrical resis- 
tance at approximately 4kbar[l4|. A proper 
calculation of the cohesive energy must lake 
these band structure effects into account 
12 , 8 |. 

Bridgman reported a phase transition in 
cesium at room lemperaiure al 23,500 kg/cm- 
(15, I6f I he volume change is quite small 
(O-OOb T,T Bardeen suggested that this transi- 
tion is from the low pressure b.c.c. phase to a 
cubic-close-packed sli Liclure and is caused by 
an electrostatic interaction between the ion 
eorcsII7|. I he nature of this transition 
(( sl-II) has been confirmed by the X-ray 
measuremcnls of Hall a uAlIH) Bridgman 
also discovered a room temperature phase 
transition at approximately 45.000 kg/cnT 
1 16| which more recent work has shown actu- 
ally consists of two phase transitions (CsII- 
ili, II 1-1 V) separated by approximately 
lkhar(lK|. The volume change in these 
transitions is approximately 0-1 T„ and is indi- 
cative ofa change in the size of the ion core, or 
of a transition from one electronic state into 
another. These transitions have been studied 
in some detail by other workers [ 1 9-2 1 ]. 

I’he objective of the work presented in this 


paper is to produce equation of stale data for 
cesium metal which are comparable with those 
we have reported for the other alkali metals 
[9-1 IJ. Our interest is two-fold. First, we 
want to extend with greater precision earlier 
low lemperaiure data for the absolute zero 
isotherm for cesium metal [22] to investigate 
by comparison with the other alkali metal data 
the possibilities for electronic effects. Second, 
we want to determine the thermal contribu- 
tions to the equation of state. Heat capacity 
[23], X-ray lattice constant[24] and elastic 
constant [25] data exist to complement these 
latter measurements. For many substances 
(including the other alkali metals) the assump- 
tion can be made that to a few per cent the 
isothermal bulk modulus is independent of 
temperature al constant voIume[26]. This, 
indeed, appears lo be true for cesium also. In 
addition, we have obtained information as to 
the temperature dependence of the Csl-ll 
transition which occurs at 22'4kbar at room 
temperature. 

KXI»KR!MENr.\I. DKTAir.S 

The experimental apparatus and procedures 
which are used to obtain these piston-displace- 
ment data are the same as (hose described in 
an earlier paper on potassium] 10 1. The sample 
is placed in a thick-walled sintered tungsten 
carbide cylinder and the ends of the cylinder 
arc closed by sintered tungsten carbide pis- 
tons. I his assembly is placed In a hydraulic 
press and piston motion (proportional to 
volume change) )s recorded as a function of 
applied force (pressure) for various sample 
holder temperatures from 'lifK to the melting 
temperature of the sample al zero pressure. 

I he 99 per cent pure initial cesium metal as 
obtained from Mackay was triply distilled 
under vacuum for further purification and then 
was scaled in vacuum ampules for storage 
until it was melted into the sample holder 
under an argon atmosphere. Cesium metal is 
very plastic near room temperature, and ex- 
trusion occasionally occurred even when 
copper gaskets and metal back-up rings were 
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used. We experienced no unusual instances of 
sample holder breakage al pressures to 24 
kbar and conclude that there is no problem 
with cesium attacking our sample holders and 
weakening them. 

Reliable pressure-volume data were 
obtained over a range of temperatures for two 
samples of cesium metal of different lengths 
and diameters. Cylinders of different bore 
(differing by a factor of two in area) are used 
to check for systematic errors, and the con- 
sistency of the results from these two different 
sample holders offers a means for evaluating 
the consistency of the final equation of slate. 
Data were obtained from I to 14 kbar on a 
()'328in, long sample in the large diameter 
(0*354 in.) sample holder at 14 different tem- 
peratures in the following order; 270^ 219°, 
169°. 82°. 128°. 178°, 43°, 20°, 64°, 99°. 146°. 
248°. 287° and 200°K. Similar data, but from I 
(or 2) to 20 kbar, were obtained for a 0*275 in. 
long sample in the small diameter (0*250 in.) 
sample holder in 13 runs at the following 
temperatures (in the listed order); 107°. 158°. 
202°. 83°. 242°. 214°. 265°. 125°. 219°. 77°. 
41°. 20° and 63°K. Zero shifts in the displace- 
ment measuring system (a commercial dial 
indicator supported on fused quartz rods) are 
readily observable on raw data isobar plots 
(6C vs. T at constant pressure) as identical 
displacements in the data at all pressures and 
can be corrected for systematically by a simple 
additive correction. The relatively random 
order in which isotherm data were taken 
assists in identifying these shifts. Two such 
shifts (of maximum value approximately 
2X10“'^ in.) which were observed for each 
series of runs could be attributed to specific 
instances of jarring of the press system. A 
shift due to extrusion can be distinguished 
from a simple zero shift because it occurs at 
the highest pressures and results in a non- 
reproducible reading at the minimum pressure. 
Again, this cun be compensated for and was 
found in one of the small sample holder runs. 

The compressions are so large for cesium 
(see below) that our major uncertainty lies in 


the determination of the pressure associated 
with a given displacement. In each case at 
high temperatures (greater than lO(fK) the 
double value of friction is of the order of 
1 kbar, and it would be presumptuous to 
quote even relative pressures to a precision 
greater than 0*05 kbar. The friction effects 
essentially double al the lowest temperatures. 
Nevertheless, least squares computer fits 
through the graphically smoothed data as 
corrected for sample holder distortion and 
friction typically showed an r.m.s, deviation 
in pressure of 0*03 kbar and a maximum devia- 
tion of 0*05 kbar. As will be pointed out below, 
systematic differences between data taken 
with the two sample holders indicate an 
accuracy of 1 per cent of the total compres- 
sion for the highest pressure runs. This is 
approximately 10 in. or ten times the 
smallest division on the dial indicator which 
measures piston displacement. The total 
correction for sample holder distortion is less 
than 10 per cent at maximum, and uncer- 
tainties in this quantity introduce a maximum 
error of 0*2 per cent in the final maximum 
compressions. 

Three other sets of data were taken with 
the small diameter sample holder with results 
which agreed with those reported in this 
paper by roughly 5 percent. Two of these gave 
reliable transition data for the Csl-Il transi- 
tion (which are reported below) but gave in- 
consistent T-T-7' data. F-V-T data also 
were obtained for five runs on a 0* 1 14 in. long 
sample in this sample holder which agree 
(except al room temperature) to 1 per cent 
with the longer sample data reported below. 
We do not feel that these P-V data are suffi- 
ciently reliable, however, to be included in 
this paper. 

Our corrected data give the change in 
length of the sample as a function of tempera- 
ture and pressure with a minimum pressure 
which is determined by friction (both in the 
press and in the sample holder) which is of 
the order of 1 to 2 kbar. The length of the 
sample at atmospheric pressure and 27.3°K (in 
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the case of cesium) is determined by measur- 
ing the separation of the ends of the pistons 
with a micrometer and subtracting piston 
lengths, etc. The length change between 
atmospheric pressure and 1 or 2 kbar cannot 
be determined directly with our apparatus so 
wc cannot ascertain directly the absolute 
length (or volume, which is assumed to be 
directly proportional to length) of the sample 
as a function of temperature and pressure. 
Once the absolute value of the length is fixed 
at one temperature and pressure, however, 
then the absolute sample lengths at all other 
experimental temperatures and pressures are 
determined. The zero pressure length (or 
volume) of the sample at temperatures other 
than the initial temperature at which it has 
been determined directly can be obtained by 
extrapolation of the ex peri menial isotherms to 
zero pressure. 

The procedure which is used to obtain these 
lengths has been described in the previous 
papcr(l()|. Most F-V isotherms can be rep- 
resented very well by means of a function 
introduced by Birch|27, 2S|; 

F - To + .'^/T/2|ir y’‘)(l--i(W-l))] (1) 

whcie V ' ' VJl' JJL, T<|(or Tj and Bo are 
the volume (length) and hulk modulus at the 
pressure /’„ and ( is an arbitrary parameter 
vv hich IS of the order of (I to 1 1 . 7 his relation- 
ship can be i e\M iUen as 

T-W f /^/'(ylTC'.dy) (2) 

where f{y] and ei>’) are functions of the 
cxpcrimcnlal relative compressions. A[Fo}- 
B (3/^1, /2) and C (3/?„4/2) can be determined 
by linear least squares fitting techniques for an 
assumed value of and the experimental 
values of L(F], II equation (2) is an exact 
representation of the isotherm and, initially, 
the correct value for the compression between 
aiinosphcric pressure and 1 kbar has been 
assumed, A (or Fo) will be zero. If. however, 
the magnitude of^ is greater than some pre- 


determined value (10"* Bn in our case), a new 
choice of the initial compression is made by 
the computer, adjusted sample lengths are 
computed at each pressure for the same value 
of Lo, and a new least squares fit made. This is 
the procedure which we have used to deter- 
mine our absolute sample lengths from the 
atmospheric pressure measurement of at 
273'^K and length change vs. pressure mea- 
surement from I to 14 (or 20) kbar near this 
temperature. The procedure is carried out for 
the full pressure data and also for only the 
data up to 0-5 full pressure to make sure that 
the extrapolation is not function-dependent. 

Once an absolute value of the length vs, 
pressure relation has been determined for one 
isotherm, the experimental data give absolute 
values of the length for all other experimental 
values of (he temperature and pressure for 
other isotherms. In particular, values of the 
sample length and bulk modulus at zero pres- 
sure are obtained by least squares fits of the 
data to equation (2) for which is chosen to 
make A (or F^) less than 10 Again, 
full pressure and half pressure fits are made to 
ensure that the extrapolations are not function- 
dependent. As was mentioned earlier in this 
section, r.m.s. deviations of the smoothed data 
from the fils are typically 0-03 kbar. The 
resulting values of B and C are used to repre- 
sent the experimental isotherms and to cal- 
culate both the pressure and, after differentia- 
tion of equation (I), the isothermal bulk 
modulus for specific sample lengths or 
volumes. In general, values of the bulk 
modulus calculated from the full pressure and 
the half pressure representations of the iso- 
therms agree to within i per cent in the region 
w'here the fits overlap. 

Other functions are probably as useful or 
more useful than equation ( 1 ) for representing 
experimental F~V isotherms. These include 
the Murnaghan equation in its various forms 
[28,291; 

{dBrliiF)r-=n (3a) 

giving 
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= (3b) 

and 

F=BMiyjyy'-i] (30 

and the Tait equation [29, 30]; 

-(dPldy)r = J^yL-\^P). (4) 

MacDonald has discussed the application 
of curve-fitting techniques to these equations 
for representing experimental data and their 
relative suitability for this purposel29]. He 
stresses that neither of these equations has 
any firm theoretical basis and each must be 
treated as a heuristic relationship which must 
be used with caution for extrapolation. Our 
experience has been that no experimental data 
are sufficiently precise so that a judgement can 
be made as to which of equations (1), (3) or 
(4) is ‘correct.' Certainly, the ptwer series 
representation of AK/F,, in terms of pressure 
as used by Bridgman for small compressions 
[31] and in the representation of earlier sodium 
data 1 9] is quite unsatisfactory. 

The most convenient representation of our 
final equation of state is in terms of equations 
(3) since both and {dBrl^P)r are in prin- 
ciple readily obtainable from ultrasonic data 
|26J. Equation (3c) is difficult to use when the 
absolute length of the sample can be obtained 
only by extrapolation, as in our experiments. 
The aesthetically unpleasing procedure which 
was used to analyze our equation of state data 
involves using the Birch function fits to the 
individual isotherms (equation (I)) to obtain 
both pressures and bulk moduli as a function 
of temperature for fixed values of the volume 
and then to obtain the coefficients for equation 
(3) from a plot of these quantities (see below). 
This experiment involves systematic errors 
which cannot be evaluated (uncertainties in the 
friction correction, variation of the sample 
holder diameter with pressure and tempera- 
ture, etc.) and which internal inconsistencies 
suggest introduce errors of the order of 
0*5- 1 per cent of the total compression. 
These are large when compared with the 


errors involved in the method of analysis. The 
final objective only can be to reproduce the 
data (to within an estimated experimental 
accuracy) using an equation of state which 
contains Teasonable' parameters. Because of 
the uncertainties in the systematic errors, 
precise extrapolations of this equation of slate 
are risky. 

EXPERIMENTAL RESULTS 

Figure 1 summarizes the experimental 
T-F-T results obtained for our two samples, 
The actual data [Lir,/*)/L„(273°K. T = 0)] 
have been converted to molar volumes by 
assuming the molar volume at 273‘'K and 
atmospheric pressure to be 70*00 cm^[32, 33). 
The use of data points on this plot is mislead- 
ing. The actual data consist of a series of P-V 
isotherms, each of which has been graphically 
smoothed twice (before and after making the 
friction correction) before subtracting a 
smooth ‘background' or sample holder dis- 
tortion correction. The ‘experimental points’ 
have been read from the smooth isotherms at 
the specified pressures and are useful to show 
differences between the isotherms. The solid 
lines are calculated from an analytical equa- 
tion of state which will be described in the 
next section. 

The results for both samples and the cal- 
culated equation of state are in excellent 
agreement from 2 to I4kbar(wiih maximum 
deviations of the order of 0-2 cm-'Vmole). 
However, differences of up to twice this 
amount appear at the lowest temperatures 
and the highest pressures when the calculated 
and experimental values are compared. This 
effect is shown in Fig. 2 where the room 
temperature and absolute zero isotherms are 
plotted as calculated from our analytical re- 
lationship (full line) and as observed for the 
small sample holder (dashed line). In particu 
lar, the results suggest that the thermal ex- 
pansion is approximately zero at 20kbar. The 
deviation between the calculated curve and 
the experimental results indicates that the low 
temperature small sample holder data deviate 
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I I, fhc experimental equ.iiion of stale for eesium metal 
I he ■experimental points’ which .11 c indicated have been read off 
the smooilied expet imental isoihcrms at equal picssure incre- 
nieiiis, and indicate onl\ the relative conMsiency of the various 
isotherms 


nppreciahly from both equalions (I) and (3). 
and Ihis is cvidcnl in oiir dala analysis in ihe 
foirn of sysleinalic deviations, [he small 
sample holder (high pressure) data are not as 
smooth and are perhaps less retiahle (for 
unknown reasons) than the large sample 
holder data on which our equation of slate is 
based. Compressions as calculated from this 
equation of slate may be in error at 2(rK and 
2()kbar by as much as 2 per cent; this results 
in an error in the molar volume at this tempera- 
ture and pressure of less than I per cent. 
Because of this ambiguity, the following dis- 
cussion will be applicable almost completely 
to pressures less than 14kbar or molar 
volumes greater than 46 cml 


The present data can be compared directly 
with earlier 10,000 aim, 4°K dala|22], with 
Bridgman’s room temperature data to 40,000 
kg/cnT|]5J6| and with the X-ray data of 
Hall i8|. The 10,(K)0atm, 4"K data give 
compressions which are too low by approxi- 
mately 4 per cent at all pressures. I'he reason 
for this discrepancy is not known, but the 
present data are to be preferred because of the 
refinements in techniques which have been 
used in the current experiments. Bridgman’s 
two sets of room temperature compression 
data! 15, 161 disagree by 10 per cent at 20,000 
kg/ cm- (AC/T,, = 0-372 and 0-344, respective- 
ly). The corresponding compression for the 
present results is 0-387. Bridgman's data were 
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hi^. 2 Absoluie zero iind room temperature t^-V isotherms for 
eestum mcUil The solid lines represent the Uige sample holder dala 
and are extrapolations above I4kbar fhc dashed lines represent 
the results ohuuned with the small sample holder. 


obtained using a jacket of copper or aluminum 
around the alkali metals to prevent them from 
attacking the cylinder. This could have re- 
sulted in an unsuspected systematic error 
since we differ from Bridgman’s piston dis- 
placement results for each of the alkali metals. 
The third possible comparison is with the 
X-ray measurements of Hall et ^i/.|I8J. who 
were primarily concerned with structure 
determinations. A compression of 0-38 at 
20,000 kg/cm^ can be read from a figure in 
their paper. In all these instances, the agree- 
ment is perhaps within experimental accuracy 
if the most recent Bridgman determination is 
not considered. 


The extrapolation of the large sample holder 
isotherms to zero pressure gives both the 
molar volume and the isothermal bulk modu- 
lus as a function of temperature. The results 
of these extrapolations are given in Figs, 3 and 
4 where a comparison is made with other data. 
The molar volume curve is forced to coincide 
with 70‘00cm^ at 273°K, with the molar 
volumes at other temperatures being deter- 
mined by the relative zero pressure length 
changes. The data points shown in Fig. 3 were 
obtained from the extrapolation of the large 
sample holder data to zero pressure, and the 
error bars indicate the difference between the 
extrapolated molar volumes obtained using 
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TEMPERATURE, V 

Fij;. 3 I ho volume thermal expansion of cesium metal as 
ohliiined by exliapolation of the lar^e sample holder data 
lo zero pressure, and normah/cd to 70-00 cm’’/ mole 
ai 273'’K Molar volumes as calculated from various X-ray 
merisuremcnls|24. 32J are shown also See the text for 
detiuls. 



TEMPERATURE, “K 


4. The isothermal bulk modulus of cesium metal as ob- 
tained from the extrapolation of the individual lar^e sample 
holder isotherms to zero pressure (see the text for details) 
Ultrasonic values for Br(251 and its isobaric temperature 
dependence near77®K are indicated. 


the 2“7kbar portion of the isotherms, and and verifies our choice of equation (I) as a 
those obtained using the full 2-14 kbar range representation of the data. The extrapolations 
of the isotherms. The agreement is excellent of the small sample holder data above 100®K 
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confirm these results. The dashed curve in 
Fig. 3 is a smoothed representation of these 
data which also is plottedin Fig. 1 and is given 
numerically in Table I , The slope of this curve 
at 300°K is consistent with the room tempera- 
ture volume thermal expansion coefficient of 
cesium metal (2‘9x 10“‘‘K~M[34]. The solid 
line is the zero pressure molar volume as 
calculated from our equation of state (see 
below). 


Bf as obtained from the full pressure and half 
pressure extrapolations. The extrapolations of 
the small sample holder isotherms give the 
same results above 100°K. but systematically 
larger (by 10 per cent) bulk moduli for the 
lower temperatures. We believe that this is 
due to the failure of the shapes of these low 
temperature high pressure isotherms to cor' 
respond to either equations (1) or (3). The 
solid line represents the temperature depen- 


T able 1 . A summary of the zero pressure thermodynamic data for 
cesium metal, as obtained in these measurements 


T 

w 
y 1) 





(“K) 

(cm’’/mole) 

(kbar) 

(kbar) 

(KFJ/mole) 

yr 

0 

66.5 

21-5 

0 

0 


50 

66-9 

210 

014 

0-88 

1-07 

too 

67-3 

20-5 

0’32 

211 

102 

150 

679 

20-0 

0-50 

3-39 

100 

200 

68-7 

18-9 

0-69 

4'68 

1 01 

250 

69-5 

17-6 

0-88 

6-60 

101 

300 

70-5 

16-3 

106 

7-69 

0-96 


'"’All ±0-2 cm*. From the dashed curve, Fig. 1. 
*^’All±l-0 kbar. hrom the dashed curve, Fig. 4. 
''’’All ±0- 1 kbar. From the dashed curve, Fig. 7 
‘'^Calculated from the data in [23]. 

‘'’’Calculated from equation (6), 


Molar volumes corresponding to various 
X-ray lattice constant determinations are 
plotted in Fig. 3 also[32]. In particular, we 
agree well with molar volumes as calculated 
from Barrett’s 5° and 77®K data [24] and dis- 
agree with an extrapolation by Martin [34] 
which predicts a smaller value of the molar 
volume. Our conclusion is that the molar 
volume of cesium metal at zero pressure and 
0°K is 66-5 (±0*1) cm*l Okumura and 
Templeton[5] have stated that their observed 
dHvA frequencies correspond to within 0*1 to 
0-2 per cent with those calculated for a spheri- 
cal Fermi surface from Barrett’s lattice con- 
stant data and, hence, for a metal with the 
above molar volume. 

Figure 4 shows our extrapolated values of 
B^{T,P = 0) as obtained from the large 
sample holder data; the length of the error bars 
indicates again the differences in the values of 


dence of Bf at zero pressure as calculated 
from our analytic equation of state. The devia- 
tions from this equation of state at high tem- 
peratures probably are real and correspond to 
the deviations between the dashed and solid 
lines in Fig. 3. Table I contains smoothed 
values of Bf which correspond to the dashed 
line in Fig. 4. 

Kollarits and Trivisonno give elastic con- 
stant data for cesium metal at IT and 4"K and 
also give the temperature dependence of the 
elastic constants for a interval below 
77'’K(25]. The agreement between the present 
data and these elastic constant determinations 
of Bf and its isobaric temperature derivative 
(Fig. 4) is excellent for ITK although the 
4°K ultrasonic value perhaps is a bit high. The 
data shown in Fig. 4 agree reasonably well 
with those suggested by Martinl34J. 

Figures 5(a) and 5(b) show the parameters 
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extrapolate to a triple point in t/i/s region, but 

I 1 1 f 1 '1 1 more recent data[ 21 | show the Cs I /*'//! and 

- 25 f- j CsIJI-IV phase lines to be parallel and the 
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t I Kinsiiion parameters for I he C'sl-M transition 

(pressure, volume chanj^e) which we obtain lor 
the (M-II transition. The agreement between 
our room temperature transition pressure 
(22‘4± 0 2 kbar) and those given by Kennedy 
and I.aMori (22‘6±0‘b khar) [19| and by 
Bridgman (23,300 kg/cm'^ or 22\S kbar)fl 5. 
16) is excellent and gives credence to our 
pressure determinations. Figure 5(a) comple- 
ments the phase diagram of Kennedy ct a/. 
1201 which shows a strong increase in d/Vd7' 
lor this transition as the melting line is 
approached. 

The volume change shown m Fig. 5(b) 
(approximately 0 IK)6K<, or 0-5 cmVmolel also 
js m agreement with Bridgman's results 
(15, I6|. This volume change appears lo in- 
crease at low temperatures (below i5(rK) 
while at the same time, experimentally, the 
transitions begin to show hysteresis which is 
much greater than (up to twice) the sample 
holder IViction as it appears in the raw plots of 
length vs. pressure. 7’his may or may not be 
significant, and no further checks were made. 
Early data on the phase diagram of cesium 
1 20] suggest that the Gsll-lll transition would 


transition pressure to be practically tempera- 
ture independent at approximately 45 kbar. 
The hysteresis associated with the Csl-Il 
transition becomes so great at low tempera- 
tures (below 77°K) that we cannot observe the 
volume change. 

This tran.sition is sketched in Fig. 2 as 
occurring at constant volume on the basis of 
our postulated equation of state. If the experi- 
mental high pressure data were to be used, the 
molar volume at which the transition occurs 
would become greater at low temperatures. 
The entropy change along the transition line 
appears to be constant from 77'’ to 300'’K and 
equal to approximately 0-3R, where R is the 
gas constant. 

ANALYlICAt. F.QIATION OF STATE 

The equation of state of a solid can be ex- 
pressed as the sum of two terms, 

T(F, 7')-/^o(F)-hr'‘MF, T) (5) 

where A',, is the equation of stale at absolute 
zero and T is the so-called thermal pressure 
which approaches zero at absolute zero. When 
lattice vibration contributions are dominant, 
as is true for cesium over our experimental 
range, the thermal pressure can be approxi- 
mated by the Mie-Cmineisen equation of 
slalel26]. 

P (F, T)-yJ7'/I/. (6) 

y,, is a (jriineisen parameter which should be 
dependent only on volume at high tempera- 
tures (7 > f/p), and U is the temperature- 
dependent internal energy of the solid. Since 
Of) - 38'’K for cesium metal] 23], most of our 
data refer to this ‘high temperature’ region. 

A considerable amount of information has 
been accumulated which suggests that to a 
first approximation P is a function only of 
temperature or, equivalently, that the bulk 
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modulus is solely a function of volume[26]. As is noted in Table 2, and is obvious in Fig. 
This approximation will form the basis for the 6, (dBfldVh # 0 for both the smallest and the 
following analysis. largest molar volumes. This effect is small and 

The equation of state must somehow in- to within our experimental precision (±0*2 
volve an average of all of the isotherms which cm'Vmole) has no effect on our analytical 
are indicated in Fig. 1. This could be done by equation of stale. The P* contribution to the 
means of a multi-parameter least squares equation ofstate also is quite small (see below) 
analysis, but the relatively arbitrary variations so P(,(F) can be established most easily by 
in the detailed shapes of our experimental extrapolating to 7=0 plots of F{T,V = 
isotherms (shown by exploratory plots of Bf const.). This was done using the computer 
vs. 7) appeared to make such an analysis of Fits to the large sample holder data for the same 
dubious value so an analytical equation of molar volumes for which the bulk moduli were 
state was constructed from equations (3) in calculated. A plot of ^(,(K) vs.7tj(F) resulted 
the following manner. The computer fits to the in a straight line which could be represented 
large sample holder isotherms were used to to within a few per cent by = 21*5 kbar and 
obtain values ofBri 7, V) forintegral values of n = 2-84 in equation (3(b)). This relationship, 
y. Typical BiiT, V = const.) plots are given plus the assumption that Vo — 66*50 cm'\ 
in Fig. 6, where the scatter appears to be allows the construction of the 7 = 0 isotherm 
moderate. These data can be extrapolated as 

easily to obtain the bulk modulus-volume /»„(K) = (2l-5/2-84)[(66-5/K)'^“^- 1] kbar. 
relationship at absolute zero, floi F) (Table 2). (7) 



0 50 100 150 200 250 300 

TEMPERATURE. “K 


Fig, f) The lemperiiUire dependence o1 the isoihcvmal 
bulk modulus for cesium metal for several molar volumes 
The solid lines represent the values of listed in 
Table 2 
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Table 2. The 7 = 0 equation of state for cesium metal as 
obtained by extrapolation of the present larfte sample holder 
data only, and as calculated from equation (7) 

B,{y} 

K, (kbar) (kbar) 


(cnr*) 

ex trap 

calc. 

extrap.'^^ 

calc. 

41 


22-32 


84-9 

41 


)8-55 


74-2 

45 


15 18 


65-2 

47 

127 

1271 

57 ± 1^^^ 

57-6 

49 

10-5 

10-45 

51-0''' 

51-2 

51 

8 55 

8-50 

46 0'^' 

45-6 

51 

6-9 

6 87 

41-5 

41 0 

55 

5-45 

5 41 

37-3 

36-85 

57 

4 15 

4- 16 

33-7 

33-30 

59 

1 1 

3 07 

30-5 

30-21 

6J 

2-1 

2-11 

27'6 

27-48 

61 

1-25 

]'26 


25-07 

65 

0-5 

0-50 

23-2^'^ 

22-93 

66-5 

00 

00 


21-50 

67 

(-0-15) 

-0 16 

21 ()<''’ 

21-05 

69 

(-0-7) 

-0 76 

(19) 

19-35 


'"’AIUO-05 kKu- 

5 kbar unless otherwise noted 
- +1-6X ItrnbarrK 
''''iitH.IdD, --6X lO-^kbairK. 


I he extrapolated and calculated values ol’ 
l\,\y) and BoiV) arc yiven in Table 2, [he 
absolute /,cro intercepts of the solid lines in 
I ig. 1 and the 7 ~ 1) solid curve in Fig. 2 are 
given by equation (7). 

Once PoiV) has been established, the ther- 
mal pressure can be calculated from equation 
(5). I he results of this calculation (in terms of 
the computer fils to our individual isotherms) 
are shown in Fig. 7. This plot, which gives the 
temperature dependence of the deviation of 
the actual experimental pressure for a given 
molar volume from a smooth function (equa- 
tion (7)), indicates that to within better than 
±0-1 kbar the thermal pressure is independent 
of molar volume and is a linear function of 
temperature with (^T/dT), =3'65xlO^'* 
kbar/°K. is given as a function of tempera- 
ture in Table 1. Equation (.">) then can be 
written explicitly as 

P(T, T) = (2T5/2-84)[(66-5/T)'«'- 1] 

+ 3-65 xlO'Mr-lO^K) kbar. (8) 


7 his relationship has been used to obtain the 
solid (calculated equation of state) lines in 
1‘igs. 1,3,4 and 6. The agreement with experi- 
ment for molar volumes is in general good to 
within ± 0-2 cinl The temperature dependence 



TEMPERATURE.'K 

big, 7. The thermal pressure as a function of molar 
volume. I'hc scatter of the ‘data points' shows clearly the 
consistency of the various isotherms. 
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of By at 67cniVmole shown in Fig. 6 as 
obtained from extrapolations of the isotherms 
to negative pressures indicates the same falling 
off of By at high temperatures as was men- 
tioned in the discussion of Fig. 4. This is 
undoubtedly a real effect and reflects the in- 
fluence of anharmonicity, vacancies, or other 
phenomena which we have not considered in 
our simple model. 

Equation (6) expresses P* in terms of the 
internal energy. Filby and Martin’s heat capa- 
city data[23] can be used together with our 
thermal expansions (Fig. 3, Table I) and 
thermal pressures to obtain ( T, F = 0) . The 
internal energy U* for cesium metal (obtained 
by graphical integration) and y^ as calculated 
from equation (6) are given in Table 1. The 
independence of y^ on temperature at atmo- 
spheric pressure corresponds to similar be- 
havior for potassium [ 1 0] and lithium [11] 
although perhaps not for sodium[9] where the 
present method of analysis had not been so 
well-defined. In any event, it is interesting that 
within our experimental precision, the equa- 
tion of state of cesium metal can be defined 
completely with the parameters Fo = 2T5 
kbars, n = 2-84, Fo = 66*5 cm■^ and yu = TOO 
(±0-04) , if the zero pressure Cp data are used. 

The usual Griineisen parameter is defined 

y,= mV)IC,. 


Martin calculates y^ = M6 at 3(X)®K [34] while 
we calculate M4 (±0-06), using essentially 
the same experimental data but our own value 
of By. 

CONCLUSIONS 

The equation of stale for cesium metal 
(Fig. 1, equation (8)) follows very well the 
empirical relationships which have been found 
to hold for many other solids(26]. Indeed, it 
extends them over much greater relative 
temperature (in terms of TlOp) and volume (in 
terms of F/F„ or F/F,,) ranges than before. The 
thermal equation of slate of cesium, like that 
For lithium! 11), sodium[9] and potassium 
[lO], is expressable in terms of a volume- 
independent thermal pressure P* which can 
be evaluated from a temperature-independent 
y^ (equation (6)) and zero (atmospheric) 
pressure heat capacity data. 

The absolute zero equation of state for 
cesium metal does differ from the other alkali 
metals, however. The similarities of the re- 
duced equations of state for lithium, sodium 
and potassium have been pointed out pre- 
viouslyfllj. Since that time elastic constant 
data have become available for rubidium both 
as a function of temperature at atmospheric 
pressure [3 5] and as a function of pressure at 
200®K[121. These then can be used to com- 
plement the present data for cesium to give a 


Table 3. A st4mniary of the experimental T = 0, P = 0 thermodynamic parameters for 

the alkali metals 
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I.i 

3-6 (±0-25) 
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128"*' 

1269 
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0*88 

(((■361 

Na 

3-9^(±0-2) 

3-6-3-8 
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73 (« 

23-1 

1*68 

1-2 

[9.37-39) 

K 

3'8H±0'2) 

4-05 

370 

36-6 

43*3 

1*60 

1*2 

no. 40.41] 

Rh 


3-9 

29 

30 6^"* 

53*0 

1*62 


(22, 12,351 
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2-8'(±0-05) 


21*5 

231 

66*5 

1*43 

1*0 

142.25] 


Assumed to be temperdiure-mdependent. 

Extrapolaled 

Vi) is as given in the various references and is reliable to 0-5 per cent. 
As defined by equation (6), 

p~y^j ; high pressure ultrasonic; zero pressure ultrasonic. 
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compiete picture of ihe ecjuafion of stale tor 
the a/ka/i metais. Table 3 summarizes (he 
relevant abso/ute zero data for the alkali 
metals and gives a comparison of piston- 
displacement and ultrasonic results for various 
parameters. The agreement m general is quite 
good, and this summary should be useful for 
future comparisons with theory. Values of 
also are given which can be used with the heat 
capacity data summarized by Martinl341 to 
obtain the thermal contributions to the equa- 
tions of state. 

The striking feature of this compilation is 
that cesium is quite different from the other 
alkali metals, both in the value of the dimen- 
sionless parameter ft ~ (c)Br/riP)r (which 
should be roughly temperature-independent) 
(26| and in the value of the characteristic 
energy Previously [1 1], we pointed out 
that a common value of suggests that 

only two parameters (an energy and a length) 
are necessary to differentiate between the 
gross features of the volume-dependent con- 
tribution to Ihc cohesive energy for lithium, 
sodium, potassium and (now) rubidium, while 
a common value of /A, implies that the energy 
parameter is the same for these four. This 
leaves only a characterisUc length to differen- 
tiate between the four and» as we suggested 
in the introduction, this is qualitatively the 
‘core radius.' C'csium metal would appear to 
have a cohesive energy which presumably is 
dominated by band structure effecislt,2J. It 
IS surprising that these effects appear so 
markedly m the equation of slate, and a 
direct verification of our conclusion would 
be most interesting. 
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THERMOELECTRIC POWER OF IONIC 
CRYSTALS- IV. 

THERMOELECTRIC POWER AND IONIC 
CONDUCTIVITY OF POTASSIUM IODIDE 
CONTAINING CADMIUM IODIDE 

TOSHIO ITAMI, HIDEOKl HOSHINO and MITSDO SHIMOJI 

Department ot'('hemistry, Pacully of Science, Hokkaido University, Sapporo, Japan 


{Heci'ivcd 30 September 1 968) 

Abstract-! he thermoelectric power of single crystals of pure potassium iodide and potassium iodide 
containing 2-8 X 10 “ and 1 - 3 x 10 ’ mol % cadmium iodide was measured as a function of temperature 
hetween 450° and 630‘'C with giaphitc electrodes. The heal ol transport for a cation vacancy was lound 
to be -0-56 eV. Conductivity measurements were also made on pure crystals and on specimens doped 
with cadmium iodide as a function of temperature using graphite electrodes. 1'he following values were 
found heal of formation of a Schottky defect, 2 (X)cV. heal of motion of a cation vacancy. 0 87 eV: 
entropy of activation for migration of a cation vacancy, \SJk = 4'\: entropy of formation of a 
Schottky defect, ^S,lk = 7- 1 . where k is the Boltzmann constant, it was found that platinum electrodes 


were not inert to potassium iodide crystals 

INTRODUCTION 
It is well known that in potassium iodide as 
well a.s other alkali halides the Schottky dis- 
order! I] and cation vacancies play important 
roles in transport phenomena [I ”-31. There 
have been many previous studies on potassium 
iodide, such as ionic conductivity measure- 
ments[4-81s dielectric loss measurementsf91, 
self-diftusionfl0| and theoretical calculations 
[1 1] on defect formation and migration. How- 
ever, there has been no work on the thermo- 
electric power measurement of this salt. The 
purposes of this paper are, (i) to obtain ionic 
conductivity parameters, particularly, heat of 
motion of a cation vacancy, and (ii) to measure 
the thermoelectric power related to the heat of 
transport of defects. As before! 12] graphite 
and platinum were employed as electrode 
materials because of their inertness. However, 
it was found that platinum electrodes were 
contaminated by potassium iodide crystals at 
high temperatures and the steady measure- 
ments of thermoelectric power and of ionic 
conductivity could not be made. On the other 


hand graphite electrodes were so stable that 
satisfactory results were obtained. 

EXPERIMENTAL PROCEDURES 
Single crystals of pure potassium iodide and 
potassium iodide containing cadmium iodide 
were prepared by the Kyropoulos technique. 
Cleaved specimens were used. The concen- 
tration of cadmium impurities was determined 
by the colorimetric method[]3]. The experi- 
mental arrangements and techniques for 
thermoelectric power and ionic conductivity 
measurements were the same as before[12. 
14]. Most ionic conductivity measurements 
were made in the temperature range from 440° 
to 640T. but for pure crystals the measure- 
ments were performed up to near the melting 
point (684T). 

RESULTS 

In Fig. 1 the thermoelectric power of pure 
potassium iodide crystals and potassium iodide 
crystals containing 2*8X10“" and 1*3X]0'^ 
mol. % cadmium iodide with graphite elec- 


s 
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TemperalMre, *C 



1000 /T CK)" 

F ig, 1 1 bei moelcctric power ot pvire potasMum iodide (open 
cireles) and ptitassiuin iodide containing cadmium iodide in 
!w '0 din'erent concenlialions, (1) l■3x 10 'mol and I2) 
2 K X !() *' mot , as a function oi lempcraluie, All lines are 
obtained by ihe least squares method 


Irotles is plotted ds a function of temperature. 
Ihe experimental errors were ahout 10 per 
cent 

Ihe ionic conductivity as a function of 


temperature is shown in Fig. 2 for four 
potassium iodide crystals containing cadmium 
impurities and pure potassium iodide crystals. 
The experimental errors were about 5 percent. 


Temperalure , ®C 

650 600 550 500 450 



big, 2 1 ogi,i (Specific conducliviiy) plotted against 1/7’ lor 
pure potassium iodide and for solid solutions containing 
uidmiuni iodide. (I) pure Kl: (2) Kl + l*!xi() ‘mol 9; 
Cd!,. (3) K1 f 1-3/ 10 'mol CdL: (4) KI + :-3x I0 ' 
mo].^U'dr;|S)Kl -b2-8x 10 ’ mo\ %rdl,. 
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ANAl.YSES OF THE RESULTS 

( 1 ) The mobility of a cation vacancy in potas^ 
Slum iodide and related parameters 

The methods of analyses of the data are the 
same as in Paper III [12]. From equation (4.2) 
in III, the observed temperature dependence 
of the mobility, /x, of a cation vacancy was 
represented by 

/X = {95Si)lT ) exp (-0-87M7 ) cmV V sec. 

(4.1) 

Compared with the theoretical expression for 
the mobility, (4.4) in III, we found that the 
heat of motion of a cation vacancy, was 
0*87 eV and the frequency factor, was 
2-55 X lO'-* sec ', being expressed by 

P/jCxpiASJk), (4.2) 

Using the value of the Debye frequency. 

= 2*9x 10'^ sec'‘(15], we obtained the 
entropy of migration of a cation vacancy. 
ASJk - 4-0,. 

As shown in Fig. 2 the conductivity of the 
pure crystal. (To, was expressed by 

ctJ = 6*92 X 10« exp (-1 -87/^7 ) H 'em 

(4.31 

Using equation (4.8) in IIL the expression for 
the mole fraction of a cation vacancy, 
in pure crystals was obtained as a function of 
temperature, 

- 34-7 exp (- 1 ■00/il7 ) . (4.4) 

From equation (4.9) in III. we found that the 
heat of formation of a Schottky defect, was 
2*00 eV and the entropy of formation of a 
Schottky defect, ASJk, was 7’0},. In order to 
lake into account the vibrational contribution 
to the entropy of defect formation, we found 
viv - \'S] for the change in vibrational 
frequency by making use of equation (4.11) in 
111 . 

(2) Heat of transport 

Following the procedures discussed in 


Papers I-ni[12, 14, 16] of this series, the 
expression of the thermoelectric power for 
impure crystals, ^(^), can be simplified in the 
form 

(4.5) 

where Qn, is the heal of transport of a cation 
vacancy and f is the ratio of the concentration 
of unassociated cation vacancies in a doped 
crystal to the concentration of cation vacancies 
in a pure crystal at the same temperature. 

As shown in Fig. 1 the experimental points 
for the impure potassium iodide crystals 
satisfy the following expressions: 

=-0-57/7 -0*02 X 10 '’eV/^K 

(2-8x I0''moI.%Cd2+) (4.6) 

=-0.54/7-0-28x 10 ^eV/'^K 

(I-3X I0-‘'moi.%Cd'^). (4.7) 

From equations (4.5)“(4.7) the mean value for 
the heat of transport of a cation vacancy, 

— 0-56eV, was obtained, because the 
heal of transport is independent of impurity 
concentration. The values of heat of transport 
of anion vacancies, were obtained with 
the same method as before|12]. It was found 
thattV-,was~2'7eVat620T. 

DISCUSSION 

As in the previous ionic conductivity 
measurements of the Kl crystals in which the 
Pt[4,5] and Ag foils|7] had been chiefly 
employed as electrodes, Pi foils were used in 
earlier stages of our measurements. However, 
no reproducible results were obtained and il 
was found that the KI crystals were slightly 
colored and the faces of Pt electrodes with 
which crystals were in contact were highly 
corroded under both the a.c. and d.c. methods. 
This kind of phenomenon was not encountered 
in our measurements for NaBr[I4] and KBr 
[12]. It has been known[l7] that Kl crystals 
are colored by applying a d.c. voltage (c.g. 
250 V at 520T). while our conductivity 
measurements with Pi electrodes were made 
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under a,c. methods in the temperature range 
between 440° 680°C. Therefore the slight 

coloration of the Kl crystals with Pt chc trades 
may be caused from other origins, such as the 
cheniicai reactivity of the KJ crystals. 
Recently, it was found[]8, 19] that the grap- 
hite electrodes might be better in view of 
their inertness. This was also recognized in our 
ionic conductivity measurements. 

On the ionic conductivity of KI crystals 
Biermannf7j had measured the systems of 
pure crystals and Kl crystals containing 
and Ha'^ in the temperature range 380° -- 
650°C. while no detailed analyses about indi- 
vidual ionic conductivity parameters had been 
made. Moreover, I.ehreldtl4] and Phipps and 
Part ridge (5 1 had made measurements on pure 
Kl crystals and pellets, respectively, and 
obtained the values of the 'effective activation 
energy^ in the intrinsic region. Forbes and 
Lynch|61 have measured the ionic conduc- 
tivity of Kl crystals colored with T in the 
temperalure range from 90° ^ 200°(\ On the 
other hand Hcklin e/ u/.181 have made the 
measurements on Kl crystals containing Mg”\ 

( a-^ and Sr^^ In Table 1 the values of ionic 
conductivity paiamelers on Kl crystals are 
shou n. fhe present value of the heat of acti- 
vation for cat ion vacancies, 0-87 eV, is in good 


agreement with that of the theoretical result 
[III, 0-86 eV, which i,s based on the Einstein 
model of ionic solids. However, the values 
obtained from the dielectric loss measurement 
19], 0*58 eV, and from other conductivity 
measurements, 0‘65eV[6] and l'21eV(8], 
were widely dispersed. On the heat of forma- 
tion of a Schotiky defect the fair agreement 
between the e;<perimental value, 2*00 eV, and 
the theoretical one[l 1], 2-29 eV, is obtained, 
while the value obtained by Hcklin e/ u/.(8] 

) -59eV, is too small. Of the values of ‘effec- 
tive activation energy’, h„,-h(hJ2), the 
experimental values[4, 5, 7] ( 1-87-1 *48 eV) 
are scattered, while the present result, 1-87 eV, 
may be reasonable judging from the theoretical 
value, 2-00 eV[] 1]. The values of entropies of 
formation of a Schottky defect 7-1 k, and of 
migration for cation vacancies, 4*1 k, may be 
reliable in the light of the values obtained in 
the case of KBr crystals[]2] (8-7 k and 4-0 k, 
respectively). As seen above, the values of the 
ionic conductivity parameters obtained by the 
present work are different from those obtained 
by the previous workers. This may partly be 
due to the difference of the electrode materials, 
that is, the graphite electrodes in the present 
case and the Pt or Ag electrodes in the previous 
onesf4,5,7|. 


I . Numerical values of ionic conductivity parameters potassium iodide 
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The results of thermoelectric power for 
pure Kl crystals are shown in Fig. I, along 
with those for Kl crystals doped with CdU in 
two different concentrations; 2*8 X lO"'^ and 
1-3 X mol. %. The effect of the impurity is 
to make the thermoelectric power more 
positive. This may be due to the extra cation 
vacancies produced by impurities. 

As a consequence of the interpretation of 
the homogeneous thermoelectric power using 
the Fokker-Planck equation it has been shown 
[12, 16] that the heat of transport is equal to 
the heat of activation for migration. For the 
Kl crystals the absolute value of the heal of 
transport of cation vacancies is 0*56 eV and 
the heal of activation for migration of cation 
vacancies 0*87 eV. Since the value of the heat 
of transport may include some error[l2, 16], 
these two values are fairly comparable to each 
other, being in fair agreement with the above 
theoretical conclusion. 
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Abstract- A superconducting polymorph of CdSnAs^ prepared at about 60kbar and 25-450°C has 
been retained at atmospheric pressure and temperature. Us crystal structure is Bl(NaCi) with a lattice 
constant of 5 ■679-5-695 A depending on the temperature at which it was prepared. The supercon- 
ducting transition temperature is also a function of the preparation temperature and varies from 1 79° 
to2-29°K. 


INTRODUCTION 

The effect of high pressure on semi- 
conducling compounds of the general formula 
has been extensively and intensively 
studied [1] in recent years. We have extended 
these studies to one of the isoelectronic 
analogs with the general formula^"5‘^'C/[2]. 

EXPERIMENTAL 

The CdSnAsz was prepared from stoichio- 
metric quantities of the elements (99*9+% 
purities) sealed in a quartz tube under an 
argon atmosphere, heated to 700°C for 48 hr, 
and then very slowly cooled to room tempera- 
ture. All of the reflections observed on a 
Debye-Scherrer X-ray diffraction pattern of 
the cast samples were accounted for by the 
reported chalcopyrite structure with a = 
6*093 A and cia= 1*959(3]. No extra lines 
were observed and the prepared material is 
believed to be homogeneous and single-phase. 
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of the U.S. Air Force Office of Scientific Research, 
(irant No. AFOSR-67-1255A, and the Air Force Office 
of Scientific Research, Office of Aerospace Research, 
U.S. Air Force, under AFOSR Grant No. AF-AFOSR- 
631-67. 

tNational Science Foundation Summer Fellow. 


Pressure was generated in a piston-cylinder 
apparatus with an internal graphite healer (4). 
Appropriate modifications were made to allow 
the apparatus to reach 70kbars[5]. The 
samples were contained in either boron- 
nitride or niobium capsules and the tempera- 
ture was measured with a Cromel-Alumel 
thermocouple. No allowance was made for the 
effect of pressure on the thermocouple e.m.f. 

Superconducting transitions were deter- 
mined by monitoring the self-inductance of a 
coil containing the sample. The temperature 
was measured by determining the vapor- 
pressure of helium over the bath in which the 
samples were emerged. 

RESULTS 

During our first attempts to prepare a high- 
pressure phase we melted the samples after 
pressurizing to about 45 kbars. X-ray diffrac- 
tion patterns taken after cooling to room 
temperature and releasing the pressure 
showed that the samples had converted to the 
Bl structure, but weak Cd^ As., lines and about 
1 0 other unidentifiable lines were also 
present. In a recent paperffi] Storm, Jayar- 
aman and Wernick report seeing SnAs, 
Cd:iAs 2 and As after quenching from the melt. 
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However, we did not observe any As or SnAs 
lines. 

In order to prevent the formation of these 
extra compounds we decided to try higher 
pressures and more moderate temperatures 
for longer periods of lime. This method 
proved successful for producing o«/>' the high- 
pressure polymorph and the data obtained is 
reported in Table 1. 


CdSnAs^ is isoeiectronic with InAs and 
Jamieson reports that the high-pressure modi- 
fication of InAs also has the Bl structure [7). 
In addition, the compound SnAs has the 
Bl structure with a lattice constant of 5-722 A 
[8). The high-pressure form of CdSnAs 2 can 
therefore be regarded as being based on this 
structure with half of the tin atoms replaced by 
cadmium atoms. SnAs is also a superconduc- 


Tahle I 


Sample # 

( apsule 

Pressure 

(kbar) 

1 

BN 

64-68 

2 

BN 

60-65 

3 

BN 

65-67 

4 

Nb 

61-65 

5 

BN 

58-64 

6 

Nb 

45 

7 

BN 

60-63 

H 

Nb 

62-64 


Tcinperatuie Time 

(hr) 

22 

I(K) 21 

170 44 

2()‘)‘2IS 19 

200-210 22 

900 (sample melted) 2 

2 ^ 0-280 15 

455-445 1-1/2 


Lat constant 

Tc 

(A) 

("K) 

* 

1 •84-2-20 

5 -679 ±0-003 

2-17-2-29 

5 ‘684 

2- 1.3-2-24 

5-686 

1-81-2-07 

5-688 

2 00-2 20 

5 689t 

1 92-2-03 

5-694 

1 81-1-85 

5-695 

1-79-1-93 


^Sample wiis only ahout 25 per cent converted lo high-pressure structure and X-ray diffraction lines were too weak 
to determine accurate lattice constant. 

+ X-ray diffraction pattern also shows other phases (see text) 


As can be seen from the table, both the 
lattice constant and superconducting transi- 
tion temperature seem to be functions of the 
preparation temperature. I'his is probably due 
to a disordering effect becoming more impor- 
tant at higher temperatures. The crystal 
structure of the new phase is Bl(NaCl) with 
the cadmium and tin atoms sharing one f.c.c. 
sublattice and the arsenic atoms on the other. 
Since the X-ray scattering factors for cad- 
mium and tin are so similar it is impossible lo 
tell by means of X-ray diffraction methods to 
what degree their sublatlice is ordered. 
However, the apparent trend in both the 
lattice constant and transition temperature 
values suggest that the samples prepared at 
higher temperatures are more disordered. 
Attempts to anneal the samples at 100°C in 
an argon atmosphere resulted in almost 
complete conversion back to the chalcopyrite 
structure. 


tor with a reported transition temperature of 
3-41-3-h5‘'K|81. We pressurized a sample of 
SnAs at bOkbars and 150®C for 20 hr and 
found no change in the crystal structure or the 
lattice constant. However, the supercon- 
ducting transition temperature dropped 
slightly to 3*26-3'42°K. Since replacing Sn 
atoms with Cd atoms decreases the number of 
electrons in the system, it is not surprising 
that CdSnAsj has a lower transition tempera- 
ture than SnAs. 

Ac knowledge mi' ni-JYit press used was financed by 
Naiional Aeronautics and Space Administration Grant 
No. 237-63 
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NONSTOICHIOMETRY IN RARE-EARTH FLUORIDES* 
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and 
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Hell Telephone l.aboratoiies, Murray Hill. NJ. 0797 1 , LJ S A. 
civcJ 3 Sepfe/nher 1 968) 

Abstrad-We report the lesuKs of a systematic suivey of the rare-earth fluoride systems ai LStMLC 
Stable fluorite phases with ideal composition LnL^ were observed in the Sm. Lu, and Yb systems A 
compound with this structure was also observed in iheTm system, but equilibrium was not established 
The stable composition range of this phase in the Sm and Lu systems extends from 1 nF.^nitnl nF.jv 
A second phase of unresvsived structure extends from TnFj to LnF, ,5 in the Sm and F.u systems. 
Additional unresolved phases are also piesenl in the Yb system SmF, (orthorhombic) is stoichio- 
metric within experimental erior. 

The lattice parameters of the fluorite phases decrease as fluorine is added Bulk density measure- 
ments and X-ray densities indicate that the defect structure is due to F“ interstitials. With the possible 
exception of the Pr and Nd systems, where slight color changes were observed in the LnF,. no re- 
actions occur between Ln and ImFj at temperatures to I600°(’ 

Mdssbaucr spectra of the Lu system indicate that the europium is in either a Lu-’ or LiF’ state for 
all phases in the system The relaxation time for any charge transfer pioccss is greater than 10 ”sec 
(the lifetime of the '’’'Hu nuclear excited slate). Mossbauer spectra arc consistent with the existence 
of the intermediate phases mentioned above 

A few observations were made on mixed systems containing Sm + Pr and SmT Nd fluorides 


I. INTRODUCTION 

The CHEMISTRY and properties of I n anhy- 
drous halides have been reviewed in detail 
by Thoma[l]. The typical rare-earth (Ln) ion 
valence state is +3. Divalent slates for some 
Ln halides have been reported in molten salt 
solutions and for and in aqueous 
solutions. The iodides Lai,. Ndl., Cel.^, 
Prl^.v NdCL. TmL, and YbL, and all of the 
divalent halides of Ku'^ and have been 
rcportedf2, 3|. Nonstoichiometry in EuF^ and 
SmFj was discovered by Asprey. Ellinger and 
Staritzky|4J and independently in EuF., by 
Lee, Muir, and ratalano[5]. 

One expects the fluorides to be more stable 
than the other halides, and to be less sus- 
ceptible to hydrolysis. Thus, they form a con- 
venient system for study. 

We survey the Ln-LriF;^ systems in order 
to examine the possibility of the reduction of 


^'Fhis work was performed m part under the auspices 
of the U.S, Atomic Energy ( ommission, 


LnF;} by the corresponding Ln metal. In 
particular, we report the solid solution ranges 
of Eu and Sm near the low fluorine concentra- 
tion side of the composition range. With 
respect to the latter, the work is a preliminary 
or ‘coarse’ study, as these systems are quite 
complex. We will present more detailed 
studies of the systems SmF^-SmF j and EuF^- 
EuF} in a future publication. Studies of the 
range of stoichiometry were made by melalhe- 
tical synthesis followed by petrographic and 
X-ray analysis. 

For those solid solutions of Eu and Sm 
fluorides at the low-fluorine-conccnlration 
side of the composition scale, there is ap- 
parently a single face centered cubic (f.c.c.) 
phase region. In this region, we have deter- 
mined that the defect structure is due to inter- 
stitial fluoride ions. In the region 2*25 ^ 
F/Ln ^ 2-45 for Sm and Eu, another phase of 
undetermined structure exists. This structure 
is one which is a very small distortion from 
the fluorite Lc.c. structure. The Mossbauer 
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spectra for the Eu fluorides presented are 
consistent with this picture: they indicate the 
distinct existence of and Eu^^ ions in the 
solid solutions, 

Fluorite structure YbFi. has also been pre- 
pared. The situation regarding solid solutions 
near F/Yb ~ 2 is still unclear. TmF. has been 
prepared, but to date, we have not obtained 
equilibrium conditions. 

Solid solutions of the type CaF\j-YF:{[ 6 , 7] 
and CaF.j, SrFo, and BaF;, with FnF;j[7--91 
have been characterized. In the cases CaFj- 
YH, and SrF 2 -LaF;J 6 - 8 ] solid solutions with 
ranging from 0 to I have been 
shown to have interstitial fluoride ion defect 
structures. In cases where ionic radii of the 
divalent and trivalent cations are approxi- 
mately the same, the f.c.c. lattice parameter 
increases with fluorine concentration. 

The solid solutions of BaFj-UI‘:} inves- 
tigated by D'Fye and Martini lOJ are more 
analogous lo the Fu and Sm lluoride systems 
reported here. In this system, the ratio of 
ionic radii of Ba"' to is 1 *35 A/1 04 A ^ 
1-30. In the solutions of low fluorine con- 
cenliations, the fluoride lattice parameter 
decreases about per cent per mole UF^ 
dissolved D'Fyc and Marlin have shown that 
the defect struct lire for these si>liilions is 
again due to interstitial fluoride ions. The 
lattice contraction in the r'liF-.-FuFj and 
SinF.j-Sinl ,{ systems is about 2 per cent per 
mole of tiivalent ion. Lor these systems, the 
ratio of divalent to trivalent ionic radii is 
approximately I -12 A/ 1-03 A — 1-09. 

We have prepaied a small number of solid 
solutions of SmF with PrF., and NdF,, in the 
lower fluorine concentration region. Once 
more, f.cx. stflid solutions and solutions with 
the same but undetermined distorted cubic 
structures are obtained. 

2. KXPERtMKNTAL METHODS 
(Aj Preparation of divalent fluorides and 
solid solutions 

The trivalent Ln fluorides starting materials 
were prepared in cither of two ways: ( 1 ) 


Commerically obtained LnF;^ of nominal 
99-9 per cent purity (in the Ln) in a Pt boat 
were first dehydrated under HF and then fused 
under HF. (2) Commercially obtained LnaO^ 
of nominal 99-9 per cent purity in a Pt boat 
were converted to LnF^ with HF and then 
fused under HF. The only exception to the 
fusing of the LnF;, under HF was for the 
preparation of EuF^ which we will discuss 
below. For the cases PrF.-}, NdF^, and LaF-j, 
single crystals grown from the melt under 
an HF atmosphere were used as starling 
materials. Such trealmenl results in LnF;, 
which are not susceptible to room tempera- 
ture hydrolysis and which have small surface 
areas so that water adsorption is minimized. 

Commercially obtained Ln metals in ingot 
form with 1 per cent metallic impurities 
were used as starling materials. With the 
exception of F.u metal, the Im metals were 
milled under dry hexane to remove the 
surface coating. They were then chipped 
under dry hexane with a tungsten carbide 
milling tool. Lhe metals were transferred into 
a gloved dry box after pumping ott'the hexane 
in the air lock, l he box could be evacuated to 
-- 2 X 10 ‘^Toit. In use, Ar from a liquid Ar 
supply was used as the working gas in the 
box. Fu metal is much more susceptible to 
corrosion by air than any of the other Ln 
metals. I he Hu ingot was directly transferred 
into the dry box. Pieces of Fu metal wore cut 
as required after first removing the surface 
coating. 

LnFt and I n in the mole ratio of 2 to I and 
total amounts of 2-5 g were sealed in Ta or 
Mo crucibles. The crucibles had been pre- 
viously heated in vacuum at 1 SOOT. LnF j was 
weighed out to 01 nig into weighed crucibles 
and transferred into the dry box. The Im 
metal was then weighed and added, and the 
crucible lid pressed on. The filled crucible 
(now filled with Ar) was transferred out of the 
box. quickly weighed to 0- 1 mg, then placed in a 
heat sink and transferred to an electron beam 
welding (EBW) box. The box and samples 
were pumped down to Torr. and 



NONSTOICHIOMETRY IN RARE-EARTH FLUORIDES 


1615 


kept evacuated for about 1 8 hr. The crucible 
lids were then closed by EBW. The sealed 
crucibles were again weighed to O-l mg in 
air. The reactions per se, were carried out at 
1500°-I600‘’( . which insured melting the 
LnF^ and any [mF 2 that formed. Normal pro- 
cedure was to program the power to decrease 
slowly (to - lOOOT) in order to obtain reas- 
onably large crystals from the melt and good 
separation if two phases remained. The cruc- 
ibles were again weighed to 0-1 mg before 
being opened and the products examined. This 
enabled a check for leaky crucible seals. The 
LnF 2 produced in the above manner are stable 
in air for very long periods. EuFg was also 
prepared by reduction of EuF^ (in Mo boats) 
by pure H 2 at temperatures of ~ 1500T. 

For the systems in which LnF) were formed 
as described above, additional compositions 
were prepared by metathetical synthesis 
from LnFa and LnF.-t. The reactants in 0-5- g 
amounts were weighed into Ta, Mo, or 
Pt-I0% Rh crucibles. These were then sealed 
after evacuation at ~5x lO'^^Torr. by HBW. 
The sealed crucibles were kept at 1500- 
1600°C for approximately an hour and cooled 
slowly. Some solid solutions were prepared by 
metathetical synthesis from Im metal and 
LnF;, under the same conditions used for the 
preparation of LnF 2 . 

(Bj C liemical analyses 
Three types of chemical analyses were 
made: an F/Ln ratio, trace oxygen, and 
emission spectrographic. The oxygen analyses 
were made by y-activation analysis [Ilf 
Flouride is determined [1 2] by fusing the 
sample with NaOH. converting the NaF to 
HF on a cation exchange resin, eluting with 
water, and titrating the HF with standard 
NaOH. A separate portion of sample, for the 
rare-earth analysis, is fused with Na^CO,. 
then dissolved in water, and the rare-earth 
oxide is filtered off. The oxide is dissolved in a 
minimum of 6N HCI, diluted, adjusted to pH 
6*0, and titrated with standard EDTA 
(ethylene-diamine-tetraacetic acid) solution. 


Relative standard deviations for fluorine and 
rare earths were 0*6 and 04 per cent, respec- 
tively. 

(C) Crystallographic, petrographic analyses 
and density determination 

Powder pattern photographs were obtained 
using CuK„ radiation with a Ni filler, FeK^ 
radiation with an Mn filter, CrK« radiation 
with a V filler, and CoK« radiation with an Fe 
filler. Si was used as an internal standard for 
lattice parameter measurements. Powdered 
samples were examined with transmitted 
light using a polarizing microscope. 

Bulk densities at 35±0 TC of Sm and Eu 
fluorides in the range LnF^.oo to LnF 2.45 were 
measured to ±0-2 per cent using Ar and He 
gas displacement ( 1 3] on samples of - 4 g. 

(D) Mdsshauer spectra 

The Mdssbauer spectra were obtained with 
a conventional linear velocity drive spectro- 
meter. A room-temperature source of 
was used. The RuFj. samples were in the form 
of fine powders. Spectra were obtained at 
77and4-2‘’K. 

3. RESULTS AND DISCUSSION 
{A ) Stability of the divalent Ln fluorides 

Divalent ions of all the lanthanides can 
he formed by reduction by y-irradiation of 
ImF., in CaFJM]. The extent of divalent 
Ln ion formation is limited to a few per cent 
for most of the lanthanides. Sm^L Eu^L 
Tm^L and Yb-^ have also been formed by 
these same techniques in SrF 2 and BaF.. hosts. 
An electrolytic method has also been used to 
reduce both Sm*^' and in solid CaF^ 

fI51. Sm. Ru, Tm and Yb irifliiorides have 
been reduced with alkaline earth metalsl3]. 

Performing the reduction with the corres- 
ponding Ln metal itself provides a technique 
for investigating these systems without the 
problems and ambiguity introduced by the 
presence of another metal. Using this tech- 
nique, fluorite structure wSmF 2 , EUF 2 , TmF 2 , 
and YbF 2 were obtained. The f.c.c. lattice 


m 
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parameters for TmF^ and YbF. are 5-597 A 
and 5-59„ A, respectively. The reaction goes to 
completion for the Sm, Eu, and Yb reductions, 
but not for T m. The situation with respect to 
solid solutions and phases of the Yb fluorides 
is as yet unclear. Very slight reduction was 
evidenced by the color change for PrF;, and 
NdF;,, but not enough reduction occurred to 
identify either a divalent fluoride or a solid 
solution cither by X-ray or by petrographic 
techniques. Several nonmetallic crystalline 
phases were found with LiiF.^. None of these 
were identified, but from the masses of Lu 
metal and nonmetallic phases which remained 
after reaction, it was evident that very little 
rcduciion had occurred. No reaction occurred 
in any of the other LnF;,-Ln systems. 

( H ) Samariifm a/id europium fitUfridvs 

Since the Sm and Fu fluorides are quite 
similar, we shall discuss them together. 

Nominal FuF.j prepared by H.> reduction 
of Hub, has been reported by a number of 
invesligators(4, 5, I6|. I he eomposiiion, lat- 
tice parameter, and color obtained seemed to 
by quite variable. Asprey ct u/.|41 noted the 
nonsloichionictric nature of nominal Smhj. 
Fill ., and YbF.: and. Lee vt aL[5\ also noted 
It in Fulo. Both sets of workers indicated 
that the Hu~nch composition was siibstoichio- 
metric iFuf'ucj and FuF, We shall dis- 
cuss the lower limit of the solid solutions in 
some detail, and show that for both the Lu 
and Sm fluorides of lowest fluorine concen- 
tration, the compositions are F.uFj,),, and 
icspeclively. 

1. Composition scaie. Fhc composition 
scale was essentially established by mela- 
Ihelical synthesis. Consistency tests and cor- 
rections to the initial scale were applied using 
the results of the physical and chemical anal- 
yses discussed below. 

Some difficulties were initially encountered 
due to a reaction between Pi and the lower 
fluorides, which produced an intermetallic 
FuPli; or SmPu of f.cx. MgCu^ structure and 


a higher fluoride. The lattice parameter of the 
EuPt 2 is 7-72 A in agreement with Elliot[I7]. 
In the Eu system, samples with F/Eu < 2*09 
cannot be prepared in Pt containers. The 
minimum F/Sm that can be obtained at 
equilibrium in Pt containers is not less than 
2 - 8 . 

For the Sm system, the composition scale 
problem is not too severe, since Sm metal 
i.s not susceptible to rapid corrosion and an- 
hydrous SmF;, is well-defined. ‘Apparent’ 
compositions were made up by synthesis 
from Sm and SmFn in Mo crucibles. Petro- 
graphic examination of the apparent composi- 
tion SmF,.,,,, showed the boules to be two- 
phase, there being an excess of Sm metal 
which physically separated from the non- 
metallic phase. Samples very close to SmFg 
in composition were made up in Pt-10% Rh 
crucibles. The specific measured properties 
for the SmF.j-SmF;{ system are listed in 
Table I . 

For the Eu system, there are two 
difficulties in the use of direct synthesis to 
establish the composition scale. (I) In the 
preparation of the apparent compositions from 
Hu metal, the corrosion of the metal is a severe 
problem. I his may be somewhat obviated by 
use of dry box techniques and by analyses 
for oxygen so as to apply preventive measures 
and to obtain some measure of the actual 
corrosion. This wc have done, and the results 
of the trace oxygen analyses in the final com- 
positions have indicated levels in and below 
tenths of per cents by weight. (2) EuF.-j is not 
a stable, well-defined material at tempera- 
tures of about 14()()T. 

As indicated above, it is generally advan- 
tageous to fuse the trifluoride under FIF. One 
then obtains a material which is not susceptible 
to hydrolysis at low temperatures. EuF.j in Pt 
crucibles held at 1400T under an FfF atmo- 
sphere decomposes. It will be noted in the 
comments in Table 2 that a number of com- 
positions develop high pressures at the melting 
point. 

For the Eu system, three efifferent sets of 
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Table 1. Physical properties of the SmF 2 -SmFg system (table includes only represen- 
tative samples of a total of 40 preparations examined) 


F/Sm 

X-ray analysis 
results 

Density 
(g cm-’’) 

Color, microscopic observations, 
miscellaneous comments 

(Structure) 

(A) 

1-98 

f.c.c. 

5*872 

6 IO 3 

Two phases; Opaque metallic phase and almost-opaque crystalline 
phase. Crystals blue and transparent with very high optical 
density. Nonbirefringent. 

200 

f.c.c. 

5-86« 

611„ 

Appears to be single phase. Finely ground powder looks blue by 
reflected light. Almost opaque crystal; in very thin section, very 
dark blue transparent crystals. Nonbirefringent. 

203 

f.c.c. 

5-86„ 

615 

Appears to be single phase. Almost opaque crystals which are 
blue, transparent, with very high optical density. Nonbirefnngent. 

209 

f.c.c. 

5-85« 

619 

Appears to be single phase. Crystallites are almost opaque. In thin 
sections, small pieces transparent blue; larger pieces look trans- 
parent red. Nonbirefringent. 

2-15 

f.c.c. 

5-84« 

6-303 

Ground powder looks red under reflected light. Almost-opaque 
crystals. Dark red; transparent in thin section. Nonbirefringent. 

2-20 

f.c.c. 

5-84, 

6-38 

Appears to be single phase. In thin scctiont crystals are transparent, 
very dark red, with high optical density. Nonbirefringent, 

2*25 

f.c.c. 

5 -84.1 

6-39 

Crystals are dark red, transparent, with very high optical density. 
Nonbirefringent. 

230 

U.S.* 

(5-82)t 

6-45 

Crystals give the appearance of being two-phase. Both are dark red, 
transparent, with high optical density. One is birefringeni (red) 
and the other is nonbirefringent. 

2'35 

U.S. 

(5’82) 

6'58 

Appears to be two-phase. Both dark red, transparent, with high 
optical density. One is birefringent (red), the other is nonbire- 
fringent. 

2-40 

US. 

(5‘82) 

6'63., 

Appears to be two-phase. Both red and becoming lighter. One is 
birefringent (red), and the other is nonbirefringent. 

2-45 

U.S. 

(5-82) 

6-67 

Appears to be two-phase. Bright red, transparent and birefringent 
(red) phase, with a red nonbirefringent phase. 

2-50 

U.S. 

+SmF;4 

(5-79) 


Two phases. Red, transparent, birefringent phase with brightly 
birefringent colorless phase. 

2*60 

U.S. 

+SmF, 

(5'79) 


Two phases. Red, transparent, birefringent phase with brightly 
birefringent colorless phase. 

2-70 

U.S. 

4'SmF3 

(5*79) 


Two phases. Red, transparent, birefringent phase with brightly 
birefringent colorless phase. 

2-80 

U.S. 

+SmF, 

(5-79) 


Two phases. Red, transparent, birefringent phase with brightly 
birefringent colorless phase. 

2-90 

300 

U.S. 

-f-SmFj 

SmF, 

(5-79) 


Two phases, Red, transparent, birefringent phase with brightly 
birefringent colorless phase. 

Single phase. Colorless, transparent, brightly birefringent. 


*U.S. ~ Undetermined structure. 

tLatlice parameters, a; numbers in brackets are parameters calculated as (/‘structure were f.c.c. 
tSmFa -Orthorhontbic, a = 6-66»A, b = 7 05i,A, c = 4 -40;^ A. 


preparations were examined; (a) EuH-‘A\ 
(b) ‘B’ + ‘A\ and (c) EuFa and EuFg. 

The material ‘A’ was obtained in the follow- 
ing way. EuFj was first dehydrated and then 
kept under HF at I200°C for several hours. It 
was then cooled under HF and quickly trans- 
ferred into a Pt crucible. A lid was sealed on 


by EBW under lO'^Torr. The crucible was 
then inductively heated to I400°C in a 
vacuum furnace. It was kept at this tempera- 
ture for only a few minutes, because the cruc- 
ible leaked due to the very high internal 
pressures. The material within the crucible 
was found to have melted. Chemical analyses 
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of the type listed above gave a composit/on 
for ‘A’ = EuFj.ss- This is the value we have 
used in the first two sets of preparations. 

The material ‘B’ was obtained by hydrogen 
reduction of HuF;, in a Pf crucib/e under u 
partial pressure of HF. This material was 
pulled as a large single crystal and is one of 
the specimens that was used for the ESR 
measurements in |5]. It was there quoted as 
having an F/Eu = 2-05 on the basis of the 
chemical analysis quoted in the reference. 
Chemical analyses on the type material listed 
above gave F/Eu - 2 07. We have not used 
this value for 'B': instead, we have taken 
the composition EuF.>(„) for ‘B.’ This value 
gives the best consistency of lattice para- 
meters and densities for set (b) as compared 
with sets (a) and (c). 

¥or preparations (c), EuF.i was dehydrated 
under HF al 800T for several hours and then 
cooled under HF. It was quickly transferred 
to and stored in the dry box until used in the 
preparations. This material was analysed as 
having F/Fu ^ 2-97. The same crucible load- 
ing techniques as for Fu metal were then used. 
The FuF.^ was obtained by reducing this 
material in a Mo boat with H*, at - I3()()T. 
The icniperature was then raised to 1500°r 
so that Ihc FuF^ was molten while in contact 
with Hj. 

We believe that the starting materials for 
preparation (c) most closely come to stoichio- 
metric FiiF. and FuF;,. The argument for the 
FaiF<( is that at the low temperature {800T) 
for (he dehydration under HF, we do not 
expect significant decomposition. For the 
FiiF., prepared by H^ reduction bn a Mo 
container), the argument rests on the con- 
sistency of the physical measurements. That 
is, for this material the X-iay lattice parameter 
is al the maximum value (and the same as that 
for those parameters obtained when excess 
Eu metal was present). The stoichiometry 
calculated from the measured density and the 
f.c.c. lattice parameter is EuFo.oo to within 
the experimental accuracy (±0-2 per cent). 
The Mdssbauer spectrum of this material 


shows no absorption. However, this 
material resembles one described by both 
Asprey et al.[4i and Lee e( a/.[S] as being 
subsiojchiometric. Also, chemical analysis 
(as mentioned above) for this material gives 
an F/Eu= 1*98. We will discuss this point 
in detail below. 

Corrections to the F/Ln resulting from 
oxygen and cation impurities were negligible 
as compared to other experimental uncer- 
tainties for all sets of preparations. For 
preparations (a) and (b), density and X-ray 
lattice parameters allow relation to (c). As 
shown in Figures 1 and 2, the consistency is 
quite good. From the relation of sets (a) and 
(b) to set (c) we establish *A' having F/Eu = 
2*99 and ‘B’ having F/Eu = 2*09. It is to be 
noted that, although there were no difficulties 
in relating the chemical analyses for F/vSm in 
the SmF\,-SmF 3 system, we do not trust this 
kind of analysis for the HuF^-FuFij system. 

Attempts to prepare a homogeneous Fu- 
rich material by means of Eu-metal reaction 
in F]BW-seaied Mo crucibles were unsuccess- 
ful. Apparently FuFo dissolves Eu metal to 
some extent at high temperatures. Excess Eu 
mclal remains trapped in the resultant crys- 
tals of HuF. (which have X-ray f.c.c. lattice 
parameters that are identical with those of the 
material prepared by H.^ reduction of FuF\ in 
Mo containers). Fhis was evidenced by the 
optical properties (see Table 2 and below) 
of samples prepared in such a manner. 

2. Optical examination. SmF 2 is a blue 
transparent nonbirefringent solid of very high 
optical density. As F/Sm increases from 2‘(K) 
to 2- 10, the color changes very rapidly to a 
dark red. There is very little change in 
appearance from 2*10 to 2*25; then from 2-25 
to 2*40, the optical density starts to decrease 
and a birefringence sets in with some of the 
crystallites being red birefringent and some 
being nonbirefringent. At F/Sm of 2-45 the 
material is predominately red birefringent. 
Above 2*45, it consists of the red birefringent 
phase together with a bright colorless highly 
birefringent material. Samples of apparent 
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Table 2. Physical properties of the EUF 2 -EUF 3 system (Table includes only represen- 
tative samples of a total of 40 preparations examined) 


F/Eu 

X-ray analysis 
results 

Density 

(gem'^) 

Color, microscopic examination, 
miscellaneous comments 


(Structure) 

(A) 

1-99 

f.c.c. 

5-83h 

6*28 

Black crystalline chunks. Under transmitted light, grey and trans- 
parent with many scattering centers. Nonbirefringent. 

2-00 

f.c.c. 

5-H 

6*32 

Prepared by Hz reduction. Green with trace of yellow, crystalline 
chunks. Under transmitted light, transparent, colorless, non- 
birefringent. 

2-04 

f.cx. 

5-83„ 

6*33 

Greenish-brov/n under reflected light. Appears to be iwo-phase 
under transmitted light. Bulk is nonbirefringent. Some crystallites 
brown and birefnngenl (brown). 

209 

f.c.c. 

5*83., 

6*37 

Apparently single phase. Brown under reflected light. Under 
transmitted light, yellow, transparent nonbirefringent 

2-14 

f.c.c. 

5*822 

6*44 

Brown under reflected light. Under transmitted light, light brown 
transparent ciystals. Small amount of birefringence in thick 
sections. 

2-20 

f.cc 

5-81, 

6*56 

Dark brown under reflected tight. Under transmitted light, a yellow 
transparent and nonbirefringent phase. 

2-25 

f.c.c. 

5-8L 

6*63 

Very dark brown. Under transmitted light, light-brown transparent 
crystals. A strange mosaic-like birefringence. 

2-29 

US * 

(.5-78)t 

6*67 

Dark brown. Under transmitted light, light brown transparent 
crystals. A mosaic-like, bright-brown birefringence. Evidence for 
a pressure build-up in crucible. 

2-33 

US, 

(5-78) 

6*70 

Brown. Under transmitted light-light brown, transparent, and 
brightly birefringent. Possibly two phases- both birefnngent. 
Evidence for a pressure build-up in crucible 

2-39 

U.S. 

(5-78) 

6*76 

Brown. Under transmitted light, brown, transparent and bnghlly 
birefringent. Evidence for pressure build-up in crucible. 

2*44 

u.s 

(5*78) 

6*75 

Brown Under transmitted light, light brown, transparent, very 
brightly birefringent. Evidence for pressure build-up in crucible. 

2-50 

U.S. 

+ FuF:,t 

(5*78) 


Deep gold color. Very birefringent under transmitted light. Evidence 
for pressure build-up in crucible. 

2-57 

U.S. 

+ FuF, 

(5*78) 


Gold colored. Very birefringent under transmitted light. Evidence 
for pressure build-up in crucible. 

2*70 

u s 

+ Flit 3 

(5*78} 


Gold colored. Very birefringent under transmitted light. Evidence 
for pressure build-up in crucible. 

2*80 

US. 

+ FuF, 

(.5-78) 


Gold colored. Very birefnngent under transmitted light. Evidence 
for pressure build-up in crucible. 

2*90 

2*99 

US. 

-f FuF, 
EuFj 

(5*78) 


Gold colored. Very birefnngent under transmitted light. Evidence 
for pressure build-up in crucible. 

Light beige. Brightly birefringent under transmitted light. 


■^U S = undetermined structure 

tLattice parameters, a: numbers in brackets are parameters calculated as (/structure were f c c. for the 


strongest set of lines. 

t FuF, -orthorhombic. a = 6-22., A. b = 7-01, , A, c = 

compositions SmF.^_.r (where x is small) are 
two-phase with what appears to be the phase 
identical to that with F7sm=2*45 in equi- 
librium with SmF 3 . This appears to be the 
case with x < 0-01 within experimental 
accuracy. Apparently these optical observa- 
tions would be consistent with the following: 


•39, A. 

A solid solution extends from SmF 2 .m> to 
SmFVas. fhe system may be two-phase from 
SmF 2 . 2 r> to SmF 2 47 too;i« or may have a narrow 
two-phase region at SmF 2 w« with a solid 
solution extending to SmF 2 . 47 . At higher 
fluorine concentrations, the system is two- 
phase SmF;, in equilibrium with SmF 2 . 47 , 
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EuFi is a transparent, light yeJlow-green 
solid. With the addition of small amounts of 
fluorine, the color goes to dark brown when 
observed under reflected light. When exam- 
ined under transmitted light in going from 
F/Eu of 2-00-2-25, the materials are nonbire- 
fringent and change in color from very light 
yellow (nearly colorless) to light brown. For 
F/Eu > 2*25, the materials are light brown 
and birefringent. As the F/Eu ratio increases 
to 2*33, the brightness due to birefringence 
increases. The birefringene of these materials 
is not uniform, appears mosaic-like and brown 


in color. For materials 2*33 ^ F/Eu ^ 2*45, 
the birefringence becomes more uniform 
within each particle, lighter in color, and 
brighter. For samples with 2-5 ^ F/Eu ^ 3'00 
the birefringence is very bright, but differences 
in optical appearances are quite small even 
though the samples do not appear to be 
homogeneous. At F/Eu ^ 3*00, we cannot 
decide on the basis of the optical observa- 
tions alone whether or not the phase corres- 
ponding to F/Eu 2*45 is in equilibrium with 
EuF,. 

3. X-ray examination. Figure 1 and Tables 
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plex and undetermined, but are only a small distortion from cubic 
symmetry. The data in a and j3 are plotted as if the patterns were 
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1 and 2 contain the data obtained for the Sm 
and Eu fluoride systems. For the range 
2-00 ^ F/Ln ^ 2*25 the structure deduced 
from powder patterns is unequivocally f.c.c. 
From 2*25 to -- 2'45 the structure is un- 
determined but is one which has a small dis- 
tortion from cubic symmetry. Table 3 is a 
listing of lines for examples of materials 
within this region. The data in Fig. 1, regions 
a and /3, are plotted as if the structures were 
actually the fluorite fxx, structures from the 
data obtained using CuK„ radiation. In region 
a for the Eu system, the powder patterns can 
cursorily be indexed as two f.c.c. structures 
with the lattice parameters as shown in Fig. 
1 (when the data are obtained using CuK^ 
radiation). 

For some six compositions for each of the 
Sm and Eu fluoride systems with 2*25 ^ F/Ln 
^ 2*45, patterns were taken with CrK^ and 
CoKa radiation in an attempt to elucidate the 
distorted f.c.c. structures. In the case of the 

— r ] I r 1 I ^ 

■ EUROPIUM FLUORIDE SYSTEM 
I- • SAMARIUM FLUORIDE SYSTEM ■ 
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Fig. 2 . Density vs. composition for the Sm and Eu fluoride 
systems. 


Table 3. d-S pacings for SmF 4 . 4 Q and EUF 2.44 


SmF J. 40 * 

EuF 2 44t 

d 

Relative 

intensilyt 

d 

Relative 

inlensityt 

3-51 

w 

4-01 

w 

3-34 

s 

3-31 

vs 

3-31 

vs 

2-87 

s 

2-89 

s 

2-49 

vvw 

2-47 

vw 

2-33 

vvw 

2-34 

vw 

2-22 

vvw 

2-23 

vw 

2-09 

vvw 

218 

vvw 

2-04 

vs 

2-14 

vw 

1 95 

vvw 

2-08 

vvw 

1 91 

vvw 

2-05 

vs 

1-74 

vs 

2-04 

vs 

1-67 

s 

1 98 

vvw 

1-63 

vvw 

1-93 

vvw 



1-91 

vvw 



1 86 

vw 



1-74 

vs 



1-73 

s 



1-71 

vw 



1 68 

w 



1-67 

w 




^CrKtt radiation, V Filter; X = 2-2909 A. 
tCoKa radiation. Fe Filter; V = 1-7902 A. 
Is, strong; w, weak; v. very. 


Sm system, as the composition changes to- 
ward increased fluorine concentration, the 
structure appears to change from f.c.c. to 
rhombohedral and finally to tetragonal. Un- 
fortunately, the patterns were such poor quality 
that measurement of the lattice parameter was 
not possible. In the Eu system, the patterns 
did not even allow this kind of structural inter- 
pretation to be made. For some samples in 
this composition range, it was possible to 
index the lines for this undetermined struc- 
ture as postulated mixtures of rhombohedral 
and tetragonal structures, such as the oxy- 
fluorides of the type reported by Zachariasen 
[18] for LaOF and YOF. That the phases 
actually prepared are not oxyfluorides we 
have demonstrated by: (a) Oxygen analyses. 
Oxygen occurs essentially as an impurity 
ranging up to several tenths of a per cent, 
(b) Preparation of EuOF and SmOF as pure 
phases and examination of the X-ray powder 
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patterns of these phases and mixtures of them 
with HuF;, and SmF^, respectively. These 
patterns do not correspond to those found l'o)‘ 
materials with2'25 ^ F/Ln 2-45. 

As the F/Sm or Fu increases above 2-40, 
what appear to be orthorhombic trifluoride 
patterns begin to grow, and there is an appar- 
ent two-pluisc legion for al least part of the 
composition range. 

4. Mosshciiicr spectra, Several compre- 
hensive reviews of the Mossbauerelfect ( MF). 
or rccoilTrce gamma-ray emission are avaii- 
ablc] 19, 20], measurements rcpoited here 
pertain only tj the isotope with a 

nuclear excited state of --21 keV above the 
nuclear ground state level. In the MH, the 
isorncr shift for the recoil-free y-ab sorption 
belvveer source and absorber as a function of 
Dopplei velocity occurs because the source 
and ahscfrber nuclei are not in identical en- 
vironments. Usually, source and absoiber 
environments are not identical because of: 
(al ditTering coulombic energies of source and 
absorber, (b) Interaction of a nuclear quadru- 
pole moment (if present) and an electric field 
gradient (if present) at the nucleus, (c) In- 
ternal magnetic fields of electronic origin 
cause a /ceman splitting of the nuclear levels. 
The isomer shift then depends on both nuc- 
leai and electronic properties. Semi-empirical, 
quanlilalive treatments of the isomer shift in 
the ME have been given|21-24j; the works of 
Hrix et al. \24] and Shirley 123, 25] are par- 
ticularly noteworthy for their treatment of the 
isomer shift in Another point is that the 
intensity of the absorption (or that measure of 
the fraction of nuclei absorbing y-radiation in 
a recoil-free fashion) is partly a measure of 
how tightly bound the nucleus is to the crystal- 
line lattice. The ME can yield much informa- 
tion on (he chemical nature ofthe system. 

ME effect data were obtained for some 
nineteen samples in the HuF.,-EuFi system. 
Data were taken at both 77 and 4*2°K. No 
Zeeman splittings due to internal magnetic 
fields of electronic origin were observed down 
to 4*2°K for any composit ion. This is consistent 


with the EPR data on a sample of low fluorine 
concentration[5]. 

Figure 3 shows ME spectra for six repre- 
sentative samples of the EuF^-EuFa system 
taken at 77°K. One notes immediately that 
there are only two absorptions, well separated 
and resolved, which may be ascribed to Eu^^ 
and ions. If electrons can ‘jump' between 
divalent and trivalent Eu sites, then the 
relaxation time for such a process must be 
considerably longer than the lifetime of the 
excited nuclear state in ‘^^Eu, which is 8‘8x 
10~^sec[26]. Figure 4 shows the isomer 
shifts for the Eu^^ and Eu^"^ for all the ME 
data as a function of composition. Several 
features are evident in this plot. The most 
obvious is that the divalent peak is resolved 
into two peaks for F/Eu > 2-4. (The splitting 
in the divalent peak may be seen in Fig, 3.) 
Note that the isomer shift plot for the di- 
valent Eu corresponds to a low resolution 
phase plot and correlates quite well with the 
X-ray data in Fig. 1. The correlation can be 
seen by comparing Fig. 1 with Fig. 4. Note 
in Fig. 4. as F/FTi increases across what 
corresponds to region a in Fig. 1, the isomer 
shift for the Eu^^ ions becomes increasingly 
negative and finally splits for 2'4 < F/Eu<2’5. 

The magnitude of the isomer shift is a mea- 
sure of the net .v-electron density at the 
nucleus. Values given by Brix et u/.f241 for 
the isomer shift of divalent '•'’^'Eu (4/^ 5,r 
relative to trivalent ^'^'Eu are — 1'2 to -1-5 cm/ 
sec where the electronic configuration is 
4f'5s’-5p^\ The more ionic the divalent Eu, 
the larger is the negative value of the isomer 
shift, qualitatively indicating loss of the outer- 
most ‘valence’ bs electrons. A similar effect 
would also result from shielding, arising from 
an increase of core / or J electrons; however, 
for present purposes, this is probably of 
less importance than valence electron be- 
havior. EuF, with an isomer shift SE of 
— 1*42 cm/sec, is one of the more ionic of the 
divalent Eu compounds. Eu metal has an 
isomer shift of -O-Sl cm/sec, consistent with 
an electronic configuration of 4/^ 6.v^ (see 
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Fit; Mossbauer spectra. Six representative samples of the EuFj-Euf ., system 


taken at 77'’K. 

Barrett and Shirley[25]). The methods of the other type of site, the 8£ is ---1-39 
Brix et al. [24] suggest an isomer shift of cm/sec. The origin of these small changes in 
-0-9 cm/sec for the two most physieally isomer shift accompanying phase trans- 
reasonable configurations of Eu'^. We note formation at EuFu^s. niay be related to the 
for the 77°K data in Fig. 4, that in one type of observation of a concentration-dependent iso- 
Eu2+ sites for F/Eu > 2-4, the Eu^^^ nuclei mer shift in dilute Eu^^: CaF. absorbers, as 
have 8E values ~ -1-50 cm/sec, and that in reported by Maletta.Heidrich, and Mossbauer 
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I ig, 4. Mossbauer isomer shifi as function of b/Eu for the europium 
fluoride system 


|27|. However, we do not at present have 
sufficient mformation to be able to mean- 
ingfully relate these observations to the bond- 
ing or other properties of europium in the 
present compounds. The isomer shift for the 
sites, although small, also exhibits a 
change in magnitude near F/Eu 2-3. This 
near the f.c.c.-region a break in Fig. I . 

It IS interesting to compare the observed 
intensity ratios of the ME lines for Eu^^ and 
Eu"^^ in the specimens examined at 77°K with 
what one calculates from a hypothetical Thin' 
absorber, which is a physical mixture of EuF^ 
and EuF;, (see Fig. 5). In Fig, 5, D is plotted 
as the ordinate and is the absorption coeffi- 
cient^defined as 

Area(Eu^^)/X(Eu^") 

Area (Eu-’') + Area (Eu‘^^) 

where XtEu'^^) is the mole fraction of EuF.^ in 
the mixture and D represents the fractional 
deviation from ‘ideal' behavior for each com- 
position, For the hypothetical solid described 
above (where differences in recoil-free frac- 


tions are negligible), D will be unity and 
independent of concentration. On the other 
hand, the actual data of Fig. 5 give a represen- 
tative situation with routine sample thickness 
(20 mg Eu/cm^) and temperature {77°K); 
and, a noticeable deviation is observed. The 
point here is that the ME effect in real cases 
may not be directly amenable for determining 
concentrations of ions in solids without 
ancillary data, such as a deviation function or 
calibration procedure. 

5. Densities and defect structures. The 
data for both Sm and Eu fluorides are shown 
in Fig. 2. These data are compared to theo- 
retical curves based on an anionic inters- 
titial defect model and a cationic vacancy 
model for the fluorite f.c.c. structure solid 
solutions. 

The general trend of the data clearly indi- 
cates an anionic interstitial defect model as 
being the most reasonable model for both 
systems. The results clearly indicate this 
model despite an overall decrease in f.c.c. 
lattice parameter as fluoride ions are added. 
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Fig. 5. Mossbauer intensity deviation coefficient vs mole 
fraction of EuF^. 


Thus, these systems are similar to the 
BaF^-UFa system mentioned above [10]. The 
f.c.c. solid solution range in the BaF2“UF3 
system extends to ^ 40 mole % UF3. 

Ippolitov et a/. [9] and D’Eye and Martin 
[10] have adequately demonstrated that 
stable fluorite f.c.c. solid solutions do not 
require a close similarity in cationic sizes. 
Stability depends on both chemical and 
geometrical factors, That the geometrical 
sizes of the ions are important in the deter- 
mination of the f.c.c. lattice parameter depen- 
dence on composition in solid solutions, has 
been demonstrated by Ippolitov et al. [9] for 
the systems CaF^-LnFy, SrF^-LnFa and 
BaFa-LnFg. The range of f.c.c. solid solution 
in these systems cover from 33 to 55 mole % 
LnFa in MFa. Unfortunately , the defect model 
for these systems has not been determined. 

The curves for the theoretical vacancy and 
interstitial models were calculated for the 
fluorite f.c.c. structure using the density of 
the F/Ln = 2 00 computed from the X-ray 
lattice parameters. The experimentally deter- 
mined density for EuFa-oo agrees very well 
with that calculated from the X-ray lattice 


parameter. The experimentally determined 
density for SmF2.oo lies below that calculated 
from the X-ray lattice parameter. 

That a density comparison between a con- 
tinuous solution and a mixture of two phases 
is not distinguishable is illustrated by the 
continued linear behavior in the region 
a (Fig. 1). Although there are probably two 
or more discrete phases in the composition 
range 2’(X) ^ F/Ln ^ 2-45, they are all based 
on substitution of +3 ions for +2 ions in the 
cation lattice with interstitial fluoride ions. 
Fluoride ions probably first occupy central 
interstitial sites up to the point of the compo- 
sition F/Ln = 2*25. This corresponds to the 
beginning of region a. Continued occupation 
of F~ in edge positions to the point of adding 
one more F“ per unit cell may correspond to 
region j3. This latter occupancy probably 
occurs in a layer-like manner and results in a 
distortion from cubic symmetry. 

6. Possibility of substoichiometric solutions 
(LnF^-J. The question as to whether some of 
the obtained low fluorine concentration 
compounds are really substoichiometric 
solutions is important particularly in view of 
published Teports[4, 5] of the existence of 
stable substoichiometric EUF2. 

Let us first consider SmF2 (and YbFa). 
Here, metathetical synthesis of substoichio- 
metric solutions have proved to yield samples 
in which metal inclusions could clearly be 
discerned by microscopic examination. In 
addition, compositions calculated by metath- 
etical synthesis of nearly stoichiometric 
solutions and compositions obtained from 
chemical analyses always agreed. X-ray 
lattice parameters of apparently substoichio- 
metric samples were always identical to the 
lattice parameters for SmF2 (YbF^) (see 
Fig. 1). Moreover, all samples prepared which 
were apparently substoichiometric were 
quite dark, occasionally with a metallic 
coating around the outside of crystalline 
chunks and in the boundaries between 
crystal grains. (These effects are much more 
discemable for YbFj than for SmF2, which is 
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optically very dense.) We conclude that such 
substoichiometric solutions are not stable at 
room temperature and that all of our obser- 
vations and analyses are consistent with 
this conclusion. 

This question is more difficult to answer 
for the europium case. Here, as we have 
mentioned above, the establishment of the 
composition scale was particularily difficult. 
More evidence was required, especially 
since analyses[4, 5] on some low fluorine 
concentration compounds gave F/Eu < 2'00. 
All the evidence we have accumulated, except 
for chemical analyses, interlocks and points 
to a lower limit of F/Eu = 2-00. 

The conclusion that the low fluorine end 
of the solid solution is EuF.,,(,(, is based on 
the following. The materia! obtained by H;> 
reduction of EuF^i in Mo boats corresponds 
to the low fluorine end of the composition 
range as evidenced by X-ray lattice parameter 
comparisons described in Section 3 (B). 
Agreement is obtained between the measured 
bulk density and the density calculated from 
the X-ray lattice parameter, if the composition 
is Eul 2 0 ()- Mdssbauer effect data show only 
an Eu'- isomer shifted absorption for this 
sample; none was observed for Eu^ or in the 
suspected vicinity for EuL For samples of 
higher fluorine concentration, but for which 
chemical analysis indicated EuF < 2*00, 
isomer-shified absorptions corresponding to 
Fu‘‘’ were observed. Finally, one expects 
behavior similar to that for the Sm and Yb 
systems, for which the lower limit is LnFo 
The accepted composition scale is therefore 
based on the values EuFv for the H^-reduced 
material, and EuF.ro,> for material dehydrated 
under HF at 80()°C (as explained in Section 
3 (B)). The analytical result of EuF\,j>‘) was 
taken for material ‘A' as it was considered 
that decomposition was likely during melting, 
due to container failure. 

These assumptions result in good agreement 
between the composition scales for series 
(a) and (c). Because the analytical results 
were apparently unreliable, the composition 


of material (EuF 2 .« 5 ) was established by 
its lattice parameter, using the accepted scale 
for series (c). The resulting scale for series (b), 
agrees with the other scales. Agreement 
between composition scales involves ( I ) 
agreement between lattice parameters and 
densities for samples of corresponding compo- 
sitions calculated on the basis of the different 
scales over the region where these vary con- 
tinuously, as well as (2) agreement between 
compositions for obseived phase changes. 

(Cj Mixed fluorides of the type Ndf\^- 
SmF^ cind PrFirSmF^ 

A set of survey-type samples were prepared 
to examine fluorite f.c.c.-type solid solutions 
in mixed valance rare-earth fluoride systems. 
The NdF:i ^t^d PrF‘:j with SmF^ v/ere chosen 
for this preliminary survey since (I) pure 
starting materials for NdF;j and PrF^j were 
available as anhydrous single crystals, and 
(2) the Nd-‘^ and Sm^^ ions are highly 
colored (Sm ion species in the range of 
200 ^ F/Sm ^ 2*45 are highly colored, and 



Ln7(Ln' + Sm) 0-0 01 02 0-3 04 03 


COMPOSITION 

Fig 6 Properties of mixed solutions of SmF^ with PrF.-, 
and NdFr,. 
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characteristically colored according to the 
species present, as discussed in Section 3 (B). 

in dilute colorless and transparent 
solids such as ;CaF 2 is a bright emerald 
green. (Incidenlly, the techniques described 
in this paper provide an extremely conven- 
ient method of preparing solid solutions of 
Sm^^iCaF^ and Eu^'^iCaFg.) is green, 
and Nd^’’^ is lavender. 

For solid solutions of this kind it is possible 
to vary one more degree of freedom besides 
the fluorine concentration; that is, it is also 
possible to vary the ratios of the two lare 
earths. Figure 6 is a composite of the X-ray 
data and the optical properties of the exam- 
ined solid solutions. It is clear from the data 
presented that stable solid solutions are 
formed. Solid solutions of Sm^^-.CaFa 
prepared by the techniques described above 
using starling materials ranging in composition 
2*3 < F/Sm < 2*6 yielded solutions having 
the characteristic bright emerald green color 
of Sm^^. This observation is consistent with 
what one would expect from a material whose 
ionic species are Sm^^ and Definitive 
experiments involving perhaps optical 
spectra; ESR: and for solutions of EuFj,- 
LnFj, the Mdssbauer effect certainly would 
yield more detailed information regarding 
the +2 to +3 cationic ratios of both rare 
earths. It is hoped that some one will further 
investigate such systems. 

Acknowledgements wish to thank E. Smathers 
and J. Hill for aid in the density measurements. Special 
thanks go to L. Rigdon for developing the quantitative 
analytical techniques. We thank K. Marsh for the oxygen 
y-activation analyses. Special thanks go to E. Wrenn and 
IL Reiss for developing electron-beam welding equipment 
rnd techniques which made this study possible. We are 
grateful for the discussions with G. Smith on the X-ray 
structure data. 

REFERENCES 

I. THOM A R. E., In Progress in the Science and 

Technology of the Rare Earths, Vol, 2. p. 90. 

Pergamon Press, Oxford (1966). 

2 TOPP N. E., In The Chemistry of Rare Earth 

Elements, pp. 63-70. Elsevier, Amsterdam (1965). 


3. ASPREY L. B. and CUNNINGHAM B. B., 
In Progress in Inorganic Chemistry (Edited by 
r. A. Cotton), Vol. 2, pp. 269'-272. Interscience, 
New York (I960). 

4. ASPREY L. B., ELLINGER I . H. and STARIT- 
ZKY E,, Proc, The Third Rare Earth Conf, 
Clearwater, Florida, April 1963 (Edited by K. S. 
Vorres). p. 11. Gordon and Breach, New York 
(1964). 

5. LEE K., MUIR H. and CATALANO E., J. Phys. 
Chem, Solids 26, 52y{]%5). 

6. SHORT J. and ROY R.. J. phys. Chem. 67, I860 
(1963). 

7. ZINTL F.. and UDGArD A.. Z. anorg. Chem. 
240,150(1939). 

8. I;ETELAAR j. a. a. and WILLEMS P. J H.. 
Rec. Trav. C/ifm, 56, 29(1937). 

9. tPPOLITOV E. G.. GARASHINA L. S., 
MAKLACHKOV A. G., Izv. Akad. Nuuk. Neorg. 
Mm. 3, 73 (1967). 

10. D’EYE R. W. M. and MARTIN F. S..7. chem. Sot. 
1847(1957). 

1 1 . ENGELMAN C-.GOSSET J. and LOEUILLET M., 
Bid!. Soc. a/m. Fr. 544 (1965). 

12. RIGDON L. P. and SUNDERLAND W. E., 
Determinations of rare earths and fluoride in rare 
earth fluorides, UCRL-50383 (1968). 

13 HILL J. H . FRAZER J. W. and SMATHERS E. R., 
Analytical chemistry Sect. Prog. Rep. Jan. 1- 
Dec. 31. 1966 (Compiled by J. Harrar), UCRL- 
50006*67-1. 

14. McCLURE D. S. and KISS Z., J. chem. Phys. 39, 
325! (1963). 

15. GUGGENHEIM H. and KANEJ. W.^Appl. Plm. 
I.ett. 4, 172(1964). 

16. McGuire T. R. and SHAFER W. M , appl. 
Phys.}S,mi\%4). 

17 ELLIOT R. P., Proc. Fourth Rare Earth Res. Conf 
Phoenix, Arizona, April 1964 (Edited by LeRoy 
Crying), p. 215 Gordon and Breach, New York 
(1965). 

18. ZACHARIASEN W. H , Ada crystallogr. 4. 231 
(1951). 

19, FRAUENFELDER M., In The Mosshauer Effect. 
Benjamin, New York ( 1 962). 

?0. BOYLE A. J. F. and HALL H. E., Rep. Prog. 
Phys. 2S,44\ (1962). 

21. IlISTNER 0. C. and SUNYAR A, W., Plm Rev. 
Lett. 4,412(1960). 

22. WALKER L R., WERTHEIM G. K. and 
.1 ACCARINO V., Phxs. Rev. Lett. 6, 98 ( 1 96 1). 

23. SHIRLEY D. A., Rer mod. Phxs.Mi.m [{964). 

24. LRIX P., HUf NCR S.. KIENLE P. and 
QUITMANN D.,Phvs. Lett.U, 140(1964). 

25. BARRETT P. H, and SHIRLEY D. A., Phvs. Rev. 
131. 123 (1963). 

26. MUIR A. IL, Jr, ANDO K. J., and COOGAN H. 
M., In Mosshaner Effect r>ata htdc.\ 1958-1965, 
rnlerscience,New York (1966). 

27. MALETTA H.. HEIDRICH W and MOSS- 
BAUER R. l.,Phys. Lett 25A. 295 (1967). 




J. Phys. Chem. Solids Pergamon Press 1 969. Vol, 30, pp. 1629-163 1 . Printed in Great Britain. 


TECHNICAL NOTES 


Activation energy from thermoluminescence 
and phosphorescence of aoAl203 

{Received 26 February 1 968; in revised form 
13 December 1968) 

Thermoluminescence in a-AlgOg crystals 
activated by short wavelength electromagnetic 
radiation has been studied by various authors 
[1-5]. As a result the main peaks in the glow 
curve are well-known. 

However, the activation energies derived 
from these glow peaks, using expressions 
from [7-9] show large discrepancies, which 
in part may be due to the assumption of one 
discrete trap depth instead of a contribution 
of different depths. We like to suggest that 
the phosphorescence decay is less sensitive 
to such a distribution and therefore we in- 
vestigated both phosphorescence and thermo- 
luminescence in a-AljOs activated by ^^Co- 
gamma radiation. The analysis is given in 
terms of the monomolecular theory of Randall 
and Wilkins [6]. 

Phosphorescence decay was measured at 
a sequence of at least eight different tempera- 
tures on each of the ascending slopes of the 
four peaks in the glow curve of a-AljO., shown 
in Fig. 1. 

The glow curve was obtained after one hour 



irradiation in a ®®Co-source, the dose was 
16000rad./hr. This dose saturated peaks II, 
111 and IV while peak 1 reached } of its 
saturation. The growth of luminescent inten- 
sity could be described as I = I». {1-^exp 
{“at)}. 

For relative intensities and absorption 
constants see Table 1. 

Table 1. Saturation of four luminescent 
peaks following I = U . {1 — exp{-at)} in a 
fluxof\6fi00 radfhr 



T’™ 

("K) 

l„rel. units 

a 

(min*’) 

Peak I 

412 

36 

000153 

Peak 11 

441 

7 

1-29 

Peak III 

494 

8-5 

0-0555 

Peak IV 

538 

2-6 

01 245 


Fig. I , Glow curve ofa-Ai 203 after *®Co-gainma radiation 
(dose 16,000 rad.). 


In order to determine the phosphorescence 
decay of each of the following peaks we 
annealed the foregoing one at a temperature 
such that the rest of the glow curve remained 
essentially the same. The decay of phosphor- 
escence for all four peaks turns out to be ex- 
ponential over long periods of time; the 
measuring time is limited by the decay con- 
stant and the dark current of the photo- 
multiplier. 

In Fig. 2. the phosphorescence intensity 1 
vs. time is given for peak IV, the phosphor- 
escence decay of the other peaks is of the same 
nature. For each sequence the decay constants 
vs. T“* were by least square method fitted to 
a straight line on a semi logarithmic scale 
using a digital computer (Fig. 3). 

The slopes of the lines give the activation 
energy £, whereas extrapolation towards 
T** = 0 yields the frequency factor s; E and 
log s are tabulated in T able 2. 
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Table 2. Activation energies and frequency factors of four lumin- 
escent peaks 



PeakI 

Peak II 

Peak 1 1 1 

Peak IV 

T.rK) 

412 

441 

494 

538 

log 4’ 

143 

13-6 

154 

14-7 

E(eV) 

phosphoresience 

1'22 

1-31 

L65 

L82 


The errors in ihe delcrminaiion of E and lopi are estimaled lo be about I and 10 
per cent respectively. 


DISCUSSION 

The growth of the four luminescent peaks 
between 400 and !540°K in y-acti vated a-AlgO., 
is exponential, the growth-rates of which are 
listed in Table 1. The phosphorescence decay 
of these peaks is exponential too over long 
periods of time in spite of seemingly conflict- 
ing evidence in the literature! 1, 5, lOj. Decay 
constants can be found in Fig. 3. In contrast 
to our work these authors observed the 
transient phosphorescence at room tempera- 
ture immediately after excitation with visible 
light or u.v. The transient phosphorescence 
can be considered as the response of traps 
which are unstable at room temperature 
upon the sudden removal of the stimulating 
field, rhis phenomenon has also been observed 
by us after gamma excitation but it is not 
reported here. In our experiment.s we waited 
until this phenomenon had died out before we 
began our measurements. 

The activation energies, derived directly 
from a plot of the phosphoiescence decay 
constants vs. T^' and the frequency factors 
given in Table 2 do not seem to be unreason- 
able. 

A( hiowMf^ements ~Or\Q of the authors, J. B. van Tncht, 
Wishes lo express his thanks lo Prolcssor Dr. J J van 
Loef lor his vivid interest in (his work. 


Reaciot Imliluut. J. B, VAN TRICH’I 

belli. B A, M. VAN DER KRAAV 

I he Netherlands 
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Anion reduced ionic conductivity in LiF 


[Rii eiii’d 25 July 1968, tn iciised (oim 
22 Novemher 1968) 


Thl efi lci of aliovalent cations on the ionic 
conductivity of alkali halide crystals has been 
well documented. Both iheorelicalll] and 
experimental stiidies[2, 31 have shown how 
these cations in solution lead to an increase 
in the ionic conductivity at lov\ temperatures. 
To date, theie has been little work on the 
effect of aliovalent anionic impurities on ionic 
conduction. It has been demonstrated that 
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anions can bring about significant reductions 
in ionic conductivity, and can extend the range 
of intrinsic conduction to lower tempera- 
tures [4-6]. Since the only previous work 
on anion doping in LiF used OH" as the 
dopant [7], experiments were undertaken 
to determine the effect of oxygen on the low 
temperature conductivity in LiF. 

The starting materials were Fisher grade, 
reagent LiF powder and high purity Li20 
powder. Mixtures containing one, three, and 
five mole per cent Li^O were prepared by 
thoroughly mixing the powders prior to 
melting. Single crystals were pulled from 
the melt at a rate of 1 in. /hr with a rotation 
speed of 5 rev/min. The melt was contained 
in a high purity graphite crucible, which had 
been previously vacuum degassed. The fur- 
nace chamber was evacuated prior to melting, 
than filled with purified argon to a pressure 
of 5 psig. Single crystals with more than 3 
mole per cent Li 20 were almost completely 
cloudy, indicating the presence of gross 
precipitation; these crystals were not used 
for conductivity measurements. Slabs 
approximately I cm x I cm x 0- 1 cm were 
cleaved from the transparent regions of the 
‘as-grown’ crystals and Dag [8] was painted 
on the large suriaces to serve as electrodes. 

f'hc specimens were mounted between 
graphite electrodes in an evacuated stainless 
steel container. D.C. conductivity measure- 
ments were made by applying a constant 
240 V to the specimens at room temperature; 
after the steady state current had been reached 
(monitored by a Keithly 610 A electrometer), 
healing was commenced. A furnace was 


placed around the container and slowly heated 
from room temperature to '-350®C at a rate 
of '^2'5°C/min. The temperature was measured 
by a thermocouple placed just above the 
specimen. Following the technique des- 
cribed by Sutter and Nowick[9J, the steady 
state current was used to calculate the con- 
ductivity. However, at temperatures in 
excess of 300°C the discharge of ions, due 
to the constant voltage, was so rapid that 
the specimen was often destroyed. This 
necessitated the use of one-second pulsed 
voltages at these temperatures to measure 
the current. An oscilloscope was used to 
check that the currents measured by the 
electrometer were not due to initial transients. 
Following the conductivity measurements, 
the specimens were cleaved in half; one half 
used for infrared measurements, the other 
for chemical analysis. The results of the 
chemical analysis are shown in Table 1 . 

Figure I shows the results, upon heating, 
for specimens with 0-9 and 2-6 mole per cent 
LisO. These were grown from nominally 
doped mixtures of 1*0 and 3*0 mole per cent 
Li20. For comparison purposes, a con- 
ductivity curve for an undoped, nominally 
pure specimen is also shown. By assuming 
the data to fit a curve of the form aT = 
((tT)hCxp-QIKT, a least squares analysis 
of the data was used to obtain the slope and 
intercept: these values are shown in Table 2. 

As Fig. I shows, introduction of Li-^O in 
LiF brings about marked changes in the 
conductivity. A reduction in conductivity 
by as much as a factor of ~ 100 was observed 
for the specimen doped with 0-9 mole per 


Table l.Che.'nical analysis (all in mole percent) 


LiF powder 

(manufacturers analysis) 

Undoped 

LiyO powder specimen 

Oxygen doped 
specimens 

Q0<)l%Pb 

< 0 001 Si 0 005% Mg 

0 006% Mg 

0 (X)5‘’/r (1 

< 0*001% Fe 

< 0-001% Fe 


< 0 001% Si 

0-001% SI 


c 0-001% Cu 

< 0-001% Cu 
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T (®C) 

400 350 300 250 200 150 100 50 



im ( 0 ^- 1 ) 

Fig. 1 Conduciiviiy of LiF single crystals showing the effect of LijO 


cent LigO, but a threefold increase in the 
LigO concentration produced no further 
decrease in conductivity. The decrease is 
accompanied by a region in which the activa- 
tion energy associated with the conductivity 
shows a significant increase (Table 2). The 
temperature, at which this high activation 


energy region begins, increases with decreas- 
ing Li20 concentration. Finally, the low 
temperature behavior of the oxygen doped 
crystals appears to be similar to the normal 
conductivity processes in anion-free LiF[10], 
Large reductions in conductivity have been 
observed when alkali halide crystals were 
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Table 2. Constants for (he equation (xT = (aT)^ exp ~ 
QIKT 


Specimen 

Temperature 


Q 


(T) 

(0 ' cm'* ‘'K) 

(eV) 

I 1 h { imdopcd ) 

44-227 

8 8X 10' 

i'2o: 


227-394 

1-7X 10' 

1131 

1 iL (0'9 mole pei cent 1 oO) 

84-111 

l-OX UP 

1079 


111-13? 

l•2x IO-‘ 

0-77^ 


135-333 

6-3 X 10« 

1-405 

Lil- (2-6 mole percent l.i.O) 

66-90 

l-.SX lO** 

!•197 


90-111 

6>0X 10-’ 

0-879 


llJ-3.52 

L6X 10’ 

1-454 


doped with anions[4-6, 11-13]. This reduc- 
tion in Conductivity has usually been assoc- 
iated with the extension ol' intrinsic behavior 
to lower temperatures than could be obtained 
by a reduction in cation concentration. How- 
ever. as will be shown, the results reported 
here cannot be considered an extension of 
intrinsic conductivity. 

By extrapolating the results of recent con- 
ductivity mcasurcMTients[ 141 very pure 
l.iP (with a divalent cation impurity concen- 
tration of- 01 ppm), the intrinsic conductivity 
(<r7 ) at 127''r would be expected to be 

4 \ f(| '"(2 ' cm ^ “K. In (he specimen 
doped with 2-6 mole per cent the ob- 
served value of (rT at the break in the curve, 
at [27'C\is5x|0 "(1 'cm ^^’K. Because of 
the great diflercnce between conductivity of 
the oxygen doped specimens and the high- 
puiity LiL. It does not seem likely that the 
results presented here can be explained on 
the basis of intrinsic conduction. 

All of the obsci vat ions can be explained if 
it IS assumed that the conductivity is con- 
trolled by the dissolution of either Lr,0 or 
a multivalent metal oxide (MO) that had 
pieeipiiated during previou.s cooling. At low 
lemperatures, below the temperature range 
1 l(f~135T (the exact temperature depending 
on the IdoO concentration), the kinetics of 
solution of the oxide are so sluggish that 
normal conductivity processesl21 take place 
prior to what appears to be a transition range 
in the vicinity of KKTC. 


If the upper part of the curve is assumed 
lo he due to the solution of aliovalent cation 
oxides (MO), it does not seem likely, in view 
of the large oxygen concentration, that there 
would be sufficient aliovalent cations present 
at low lemperatures lo produce a conductivity 
region where the activation energy can be 
associated with that previously reported for 
Mg^^ vacancy association[l4). If wc further 
assume that there are sufficient muilivalenl 
cations left after cooling to produce the low 
temperature region, then it is difficult to 
account for the upper part of the curve on the 
basis of the soludonof MO. 

As the temperature increases above the 
transition region, dissolution of the oxide 
begins. T he temperature at which this dissolu- 
tion begins appears to depend on the bulk 1 a .0 
concentration. Once dissolution starts, be- 
cause of (he high activation energy associated 
with the process, the conductivity is only 
governed by dissolution of the oxide; hence, 
both specimens show the same conductivity. 
Similar behavior has been observed in KBr 
doped with KoCO.j. and was attributed to 
precipitation of K.COjil 15). 

Large reductions in the ionic conductivity 
of l.if- doped with OH have been reported 
[71, To eliminate the possibility that the 
behavior reported here is due to OH" (formed 
by hydrolysis of Li>0 prior to, or during 
crystal growth), infrared examination of the 
specimens was performed. The i.r. spectra 
showed neither the sharp line spectra between 
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2*71 and 2*83 /a observed in crystals doped 
with >50 ppm Mg (the line spectra presumably 
associated with Mg: OH complexes): nor the 
broadband at 2-68 /i. which is thought!?] 
to be a measure of free OH“ ions in the 
crystal. While the specimen thickness is 
used in this study is three to six times less 
than Stoebe’s[7] specimens, the dopant 
concentration is at least 20 times larger; thus 
the sensitivity for OH" detection should be 
at least as good as in the earlier work. Analysis 
for oxygen showed the concentrations given 
in Fig. 1: no other anionic impurities were 
detected. 

The conclusitm is that the reduced con- 
ductivity observed in oxygen doped LiF 
specimens in the temperature range -120^ 
to 330T is due to the solution of Li.O upon 
heating and its subsequent precipitation upon 
cooling. 

Reseanh Department, GARY (iFSCHWIND 

Grumnuw AUrrujt Engineering; Corporation, 

Bcthpatic, LA., N,Y. 11714, 

USA 
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ESR study of simultaneous optical bleaching 
and Xdrradiation of KCI 

{Received {^November 1968) 

Optical absorption studies of the production 
of F centers in KCI subjected to simul- 
taneous optical bleaching and y irradiation 
have been reported! I j. The ESR studies 
reported here yield results in close agreement 
with those of the optical absorption studies. 

A helical slow wave assembly [2] was 
constructed of silver wire and magnetically 
coupled to the waveguide fields in the sample 
arm of a commercial jc-band spectrometer 
system. Coaxial X-ray irradiation and white 
light illumination facilities were directed at a 
single crystal of KCI within the helical 
assembly. Inadiation was done at room 
temperature with 40KVP X-rays at dose 
rates to samples up to 45,000 R/min. This 
arrangement was particularly convenient 
since no movement of the sample was neces- 
sary throughout the experiment. 

Figure 1 illustrates the differences in the 
rates of production of F centers between 
crystals irradiated in darkness, bleached, and 
re-irradialed (crystal A) and crystals simul- 



Fig. 1. The effects of simultaneous irradiation and illu- 
mination on the production of E centers. 


m 
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taneously irradiated and bleached then ir- 
radiated in darkness (crystal B), The differ- 
ences between the curves, as discussed in 
reference[l], vary as a function of dose rate 
precisely as determined by the optical 
absorption techniques. 

This experiment serves to corroborate 
results obtained by other techniques and point 
out the Usefulness of the helical assembly as a 
tool in radiation damage research. 

Physics D(>partment, R. t* PIAZZA* 

Emory University, 

Atlanta, Ga. 30322, 

U.SJ, 
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Distribution coefficient and acceptor 
valency of tin in bismuth 

{Reieived 4 November 1968) 

Once the relation between the density of a 
dope material in bismuth and the excess 
charge carrier density it brings about is 
established, the saturation value of the Hall 
coefficient at very low temperatures enables 
one to determine the dope density in a region 
where spectrochemical analyses attain 
qualitative results only. In much the same way 
as has been followed with tellurium in bis- 
muth! 1], the valency of tin in bismuth is 


determined by radioactive tracer methods, 
and distribution coefficients are then inferred 
from Hal! coefficient measurements. 

Metallic tin was dissolved in a bismuth 
(99-9999 per cent spectrochemically pure) 
melt at 600°C, The tin had previously been 
irradiated with thermal neutrons and thus con- 
tained radioactive nuclei, viz. mainly Sn^^®, 
Sn*“, and the latter’s daughter Sb*^®. A mono- 
crystal was pulled from this melt. After Hall 
measurements were carried out, the sample 
was divided into parts of about 0*07 g. The 
activity of the isotope {tl2= 118c/) in 
each part was measured through the photo 
peak of its 0-39 MeV gamma ray with a Ge{Li) 
detector. The results are given in Fig. 1. Com- 
parison with the activity of a tin standard of 
known weight pertained to a tin density in 
the sample represented by the right-hand 
scale in Fig. 1. No explanation can be given 
for the fact that, contrary to expectations, the 
tin concentration found in the crystal parts 
grown first are relatively higher. 

Hall coefficient measurements were carried 
out at 4’2°K. The Hall coefficients saturated 
in a magnetic field of 10 kG. Their saturation 
values were positive and from them the excess 
hole densities were derived [21. A comparison 
of the hole densities with the tin densities is 
given in Fig. 1. The one-to-one correspon- 
dence found leads to the conclusion, already 
suggested by the periodic table and earlier 
drawn on less firmly based evidence[21, that 
tin is a monovalent acceptor in bismuth, Much 
uncertainty about this figure had existed [3]. 

From melts which contained about 70 wt 
ppm tin some crystals were pulled at different 
growth rates, the rotation rate being l.'irev/ 
mm. Values ofthe effective distribution coeffi- 
cient of the dope material were deduced from 
the Hall coefficient saturation values follow- 
ing the procedure described above. The 
results are given in Fig. 2 as a function of 
growth rate. Burton, Prim, and Slichter[4] 
have given a theory that relates the effective 
distribution coefficients at different growth 
rates to the equilibrium distribution coefficient. 
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Fig. I. Tin densities from radioactive tracer analysis (circles), and 
acceptor-added hole densities from Hall coefficient measurements 
(triangles) along the growth direction of a bismuth crystal. 



Fig. 2. Effective distribution coefficient of tin m bismuth as a function of 
crystal-growth rate, while the rotation rate was 15 rev/min The line gives 
the best fitof the experiments to theory. 
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Here the best fit with theory yields an equili- 
brium distribution coefficient of 0-13 for small 
amounts of tin in bismuth. 

With the viscosity value of liquid bismuth 
cited in[l], the diffusion coefficient of tin in 
liquid bismuth at about 27 5T is calculated 
to be l- 6 x 10 ’’cm^/sec, Niwa ct aLl5] 
measured this diffusion coefficient in the 
temperature range 4.S0®-60O°C'. The extra- 
polation of their data to 275°C results in a 
value of 2*8 x IQ-’'^ cmVsec. 

/^cknovvlvdm'mcnfs—lhiinks are due U> Dr. E Bruninx 
.ind Mr J. E. (Torn been for pertbrming the radjoaelive 
tracer analysis. 
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Elastic (iriineison parameters in crystals of low 
symmetry ^ 

[Received 1 Noveniher 1968) 

The Grijneisen parameters play an impor- 
tant role in the theory of anharmonic effects 
in solids, and their properties and behavior 


*This work was performed under ihc auspices of the 
United Stales Atomic Energy Commission. 


in cubic crystals have been extensively 
investigated[l-5]. Recently, Brugger[ 6 ] has 
formulated a generalized scheme of Grun- 
eisen mode parameters in crystals of any 
symmetry. In the present note, the relations 
between the mode G runeisen parameters 
and the pressure derivatives of the elastic 
moduli in seveial crystal classes of lower 
symmetry than cubic will be derived. The 
results will be applied to some materials where 
experimental data are available. 

An anisotropic continuum model, neglect- 
ing dispersion, will be assumed. In addition, 
the discussion will be limited to crystal 
structures where the linear thermal expansion 
tensor a,i referred to crystalline axes is 
diagonal, and the elastic compliance moduli 
>,jObey the relation: 

s, = 0; /= 1,2,3; ./=4,5,6. ( 1 ) 

These assumptions limit the treatment to 
cubic, tetragonal, hexagonal and ortho- 
rhombic crystals. 

The general mode Griineisen parameter for 
a mode of wave vector q and polarization 
index pis defined asl7]: 

y\[ -[a In 7 . k~ 1.2,3 (2) 

where 17 , ^ are the Lagrangian strains, Wp(q) 
the frequency of the mode q, p. Confining the 
strain to hysrostatic pressure we have the 
relation 1 6J: 

[i) In co„{q)l<>P]T = In a>„{q)ld7],k]r (3) 

where summation over repeated indices is 
implied. In our case, tj,, = 0 for / / j, and as 
a result of equation ( 1 ) w'e have; 

[D\nio,,(q)ldP]r== ^ shfiq) (4) 

l.f-1 

the mode gamma tensor being diagonal. Now, 
as we neglect dispersion, (j)„{q) is given by: 

(oM"' (5) 
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But, 

+ ( 6 ) 

where L), Li and ^ are the lengths of the 
crystal parallel to the x,y and z axes, and 
(/>) is the sound velocity for the mode 
q, p. Hence, one obtains the relation: 

[a In 0},{q)ldP]r = (/'/C/+ n^K/} 

+ [fj \ns,,{6,^)l()P]i (1) 

where /C/ and K/ are the isothermal 
linear compressibilities in the directions of 
the crystalline axes, and /,m.n, are the 
direction cosines of q. Denoting the elastic 
stiffness modulus associated with the mode 
^/, f) by c^,y one obtains: 

(fl lna>p(q)/aP) = r^Kf+nPK/-\-rPK./ 

-0-5A^''>0-5Wln(>')P)r 

( 8 ) 

where is the isothermal volume com- 
pressibility, Thus, we have 

-0-5A\.^-f 0-5(,llnfvV/P)y. (9) 
Defining now an averaged mode gamma 

^''(q) = ( 2 -'.i) X 2 .Vu7/'(q)] (>0) 
one obtains 

-\~0’5{ri \ncJ(iP),] y/ S ^1 II 

As can be seen the individual mode gammas 
y/'fq) cannot be deduced from the pressure 
derivatives of the elastic moduli alone, but 
only their weighted average. In order to de- 
termine the individual y/’(q)» uniaxial as well 
as hysrostatic pressure derivatives of the 
elastic moduli are required. 

The Griineisen parameter, defined by 


r = (12) 

where /3 is the volume expansion thermal ex- 
pansion coefficient (/3= aj + a.^ a^), the 
specific heat at constant volume V, is given 
by [7] 

y = [2c,(q)r''(q)l/[20(q)l (13) 

J/ L(\,h 

where Cp(q) is the specific heat associated 
with the mode q,p. The low and high tempera- 
ture limits of the Griineisen parameter, y,, 
and yif may be easily calculated, as at the low 
temperature limit Cp(q) « while in the 
high temperature limit Cp(i\)=kT, Hence, 
in these two limiting cases the sum in equation 
(13) may be evaluated in a straight forward 
manner. 

A computer program for the CDC 3600 
computer which evaluates the averaged mode 
gammas y^(q), as well as yi and y// in crystals 
of cubic, hexagonal, tetragonal and ortho- 
rhombic symmetry has been written. The input 
data to the program are the room temperature 
elastic moduli, their pressure derivatives, 
and the low temperature elastic moduli. The 
program computes the sound velocity in any 
direction by calculating the eigenvalues of the 
Christoffel determinant [8], as well as the 
pressure derivatives in any direction. From 
the latter quantities the y^'tq) as function of 
direction are determined, y/ and y^ are 
evaluated by numerical quadrature.* 

The above program has been applied to 
three materials of hexagonal symmetry, where 
the values of (he elastic moduli and their 
pressure derivatives are available, i.e. mag- 
nesiuml9. 10], cadmiumfl 1, 12] and cadmium 
sulfide! 13, 14). Since the hexagonal structure 
has transverse symmetry, the y^'iq) ncedonlv 
he evaluated as a function of the latitude 
angle 0. The results of the compulation are 
shown in Figs. 1-3. where p = 1 is the longi- 
tudinal mode, p = 2 the fast shear mode, and 

*A write-up ot the program ma> be obtained Irom the 
author upon request. 
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Fig. 3.y(q) as a function of 0 for CdS. 


Table \ ,The values of y/. and ynfor Mg, Cd and CdS, as obtained 
from elastic and thermal expansion data 


Elastic data 


Thermal expansion data 


>/ Vtf yi. yn 


Mg 

1'45 


I^OdO'KjL?] 

1-50(300°K)[7] 

Cd 

2* 16 

2-06 

210(20”K)[16, 18] 

l■86(300°K)ll6. 18] 

CdS 

-2- 19 

-M9 

-2-34(20”K)(15. 18] 

0 45(300'’KI [15. 18] 




1642 


TECHNICAL NOTES 


p — Z the slow shear mode. In Table 1 the 
values of and as obtained from elastic 
data, are compared with the similar quantities 
derived from thermal expansion data. As can 
be seen, the agreement between the two sets 
of data is very good for magnesium and cad- 
mium, while in the case of cadmium sulfide, 
there are large discrepancies between the 
thermal expansion and elastic jn. This is 
not surprising, as such discrepancies are 
expected when optical phonons contribute 
appreciably to the lattice vibration spectrum 
|4], which is the case for cadmium sulfide. The 
thermal expansion value of y/, contains prob- 
ably some error, as the values of the low 
temperature thermal expansion coefficient 
were determined from data of the lattice 
parameter as a Function of temperature 1 15]. 

It is interesting to note that the negative 
thermal expansion coefficient of cadmium at 
low temperatures! 16, 17] is not reflected in 
y"(q) becoming negative. This is probably 
due to the dominance of the modes with 
positive values of y^'(q) m the averaging 
process. On the other hand, in the case of 
cadmium sulfide, the y^*(q) for the shear 
modes are both negative throughout, as well 
as y/. This is in agreement with the fact that 
both thermal expansion coefficients of 
cadmium sulfide become negative at low 
temperatures. 


3. COLLINS J.G., TO/, 8, 323 (1963). 

4. SCHOELE D. E. and SMITH C. S.,y. Phys. Chem. 
SoHdslS.m (1964). 

5. HIKI Y., THOMAS J. F., and GRANATO A. 
\ ,,Ph\s. Rev. 153, 764 (1957). 

6. BRUGGER K.^Fhys. Rev. 137, AI826 (1965). 

7. COLLINS J. G. and WHITE G. K., In Prof^ress in 
Low Temperature Physics (Edited by C. J. Gorter), 
Vol. IV, p. 450. Norlh-Holland, Amsterdam (1964). 

8. MASON W. B., In E/iyMcn/ and Proper- 

ties of Solids. Van No.strand, Princeton, N.J. (1958). 

9. EROS S. and SMITH C. S., Acta metali 9, 14 
(1961). 

la SCHMUNK R. E. and SMITH C. S., J. Phys. 
Chem. Solids 9, 100 (1959), 

11. GARLAND C. W. and SILVERMAN J., Phys. 

Rev. 119. 1218 (I960); 127,2287 (1962). 

12 CORLL J A,, Case Inst. Technol. O.N.R, Tech. 
Rep. No. 6 (1962). 

13. GFRIJCH D., J. Phys. Cheni. Solids 28, 2575 
(1967). 

14. CORLL J. A„/'/?v,v. Rev. 157.623 (2967). 

15 REEBER R R,, Proc Symp. Therm. Exp. Solids 
To be publj.shed 

1 6 MADAl AH N. and CiRAHAM G. M., Can. J. Phys. 
42,221 (1964). 

17. WHITE G. K., In Proc. 7th Ini. Conf. Low Temp. 
Phy.s., p. 685 University of Toronto Press (1961). 

18. American In.stnate of Physics Handbook McGraw 
HilKNew York (1957). 


./ Phys. Chem. Solids Vol 30. pp. 1642-1644. 


Antiferromagnctic structures of USb and 
UBi* 
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{Received 28 August 1968, m revised form 1 October 
1968) 

The uranium compounds with group VA 
elements (N, P, As, Sb, and Bi, denoted by v) 
that have the NaCl-type structure are unli- 
ferromagnetic. The values of the Neel tem- 
perature ( 7\ ). the paramagnetic Curie 
temperature (0), and the paramagnetic 
moment (n^) increase along the series from 
UN to UBi. These properties and the high 
electrical conductivity were considered in a 


^Permanent address Physics Department, Icl Aviv *This work was peii'ormed under the auspices of the 
Univei'siiy, Ramat Aviv. Israel. United Stales Atomic Energy Commission. 
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Table 1 . Properties of (he Ut) compounds in the ordered slate 


Antiferromagneiic propertie*) 


Vv 

Compounds 

n„ at 5®K 

Transition 

CK) 

n«at 77''K 

(m«) 

'/n 

CK) 

References 

UN 

0 7.S±0!0 

None 


53 ±2 

12J 

UP 

I'95rt0'05 

22-24 

J -72 ±0*05 

/25±2 

13-51 

UAs 



I -89 ±0-05 

128±3 

(71 




2- 13 ±0-05 


16] 

USb 

2*85 ±008 

None 

2-78 ±0-08 

217±4 

1 This 

UBi 

3-0 ±0-2 

None 

30±0-2 

285 ± 5 

j Note 


proposed model [1] that accounts foi the pro- 
perties of the Ui; compounds. 

Neutron diffraction studies of UN[2J, 
UP[3-5],and UAs[6,7] have shown that the 
compounds have the Type-1 antiferromagnetic 
structure with ferromagnetic sheets coupled 
antiferromagnetically. The uranium moments 
are perpendicular to the sheet and lie along 
one of the [00 1 ] directions. 

This note reports the results of neutron 
diffraction studies for USb and UBi that are, 
by susceptibility measurements [8, 9], antifer- 
romagnetic. 

Polycrystalline samples of USb and UBi 
were prepared from arc-melted buttons. The 
lattice parameters as determined by X-ray 
diffraction are 6*200±0*003 A and 6*364± 
0*003 A for USb and UBi, respectively. 
Small amounts (< 1 per cent) of U:jSb 4 were 
present in the USb sample, and larger 
amounts I.S per cent) of other phases, such 
as UO 2 and U;jBi 4 . were present in the UBi 
sample. 

The antiferromagnetic structure of both 
materials is Type- 1, as determined by neutron 
diffraction. When both materials were cooled 
to no abrupt change in the ordered 
moment occurred, such as was observed in 
UP [5]. The ordered moments and Neel 
temperatures, together with the estimated 
limits of error, are given in Table 1. The 
moments were determined by using a theoreti- 
cal form factor for the 5P configuralionl3] to 
obtain / for the low-angle (110) and (201) 


reflections. The temperature factor for the 
uranium atom derived from the nuclear in- 
tensities was assumed for the magnetic in- 
tensities. Four other reflections at sini9/X 
values between 0*2 and 0-3 could be measured 
with reasonable certainty in USb. The 
observed form factor values are all lower than 
those calculated from a 5/’‘ configuration. For 
the (310) (sin^^/\ - 0-256 A'*) and (312) 
(sin Ojk = 0-302 A' ' ) reflections, the observed 
form factors are 0‘66±0-03 and 0*58±0*03. 
respectively, whereas the corresponding cal- 
culated values are 0-73 and 0-64. Unresolved 
reflections of the additional phases in the UBi 
sample make measurements of the form 
factor in this material uncertain. 

A summary of the ordered magnetic 
moments of the Ur compounds is given in 
Table I. The moments increase from UN to 
U Bi. which is similar to the behavior of other 
magnetic properties (see corresponding table 
inf]]). 

Metallurgy Duiswn. M. KUZNIFIZ 
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Rotational barrier height for OH~ ion trapped 
in KCl, KBr, NaCl and RbCl matrices 


{Received \1 July 1968) 


There has been a great deal of experimental 
[1-3] and theoretical interest [4-6] in the rota- 
tional motion of diatomic impurities in alkali 
halide matrices. The salient features of the 
various experimental investigations are ex- 
plained on the basis of Devonshire modelf?] 
for the hindered rotation of linear molecules 
in fields of octahedral symmetry. The Devon- 
shire model enables one to calculate the 
barrier height from the experimental data of 
librational level of the impurity. Recently, 
Lawless [8] has calculated the barrier height 
for rotational motion of OH“ taking the point 
charge model. The point charge model is in 
fact not very correct and hence it is desired 
in the present work to calculate the barrier 
height on a more realistic approach. The 
multipole expansion method has been used 
to obtain an expression for the rotational 
barrier for a diatomic impurity at a lattice 
site in ionic matrices. The method is very 
general and can be employed to any diatomic 
impurity, provided its quadrupole moment and 
hexodecapole moment are known. 


The main interactions between the trapped 
impurity and one of its surrounding nearest 
neighbours are (i) between the charge of the 
matrix atoms and the multipole moments of 
the trapped impurity and (ii) between the 
multipole moments of the trapped molecule 
and the induced dipole moment in the ions of 
the host lattice. The explicit expression for 
these are well known [9]. These can be re- 
arranged and written in terms of spherical 
harmonics as follows 


V=lA,{Ri)YM ( 1 ) 


where the constant /l/s are given by 
= bVtt “ 

ld‘Trr 

-18- 

K' 

r lS an&,^ , 


a„0/ 2 ChC; 
3 R 


R^ /?' 


16Vi7’ 


2 R^ 7 

6a;/M.0» 5 C„n, 


R^ 


R'’ 


2 /? ' 


A,= 


105 


45 a//B.y^ ^ 35 C;/</) 


8 


8 R^ 


35 

48 R^ 


( 2 ) 


The symbols having their usual meanings. 
Here denotes the orientation of the 

ion relative to the ‘^-frame’-a rectangular 
coordinate system, with the z axis along the 
internuclear axis vector R. In a rigid lattice, 
however, the total interaction energy of the 
rotating molecule due to the interaction (1) 
is given by 

(3) 

/-I t 

The summation over all the neighbours can 
easily be done by transforming the spherical 
harmonics from the R^ frame to another frame 
(say c-frame), which has its z-axis along the 
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Table 1 . Calculated and experimental values of the barrier height 


System 

Librationat 

frequency* 

(cm"') 

aj 

art 

(Xl0"2<cm=') 

Rt 

(xlO-^cm) 

K(exptal) 

(cm') 

K (calculated) 
(cm"') 

KCl-OH- 

293 

4 '98 

3'29 

312 

541-9 

533 3 

KBr-OH- 

304 

6-44 

3-29 

3-25 

565-3 

400-0 

NaCl-OH^ 

385 

4'98 

1-57 

2-80 

743-3 

747 ) 

RbCl-OH- 

265 

4-98 

4-56 

3 '26 

483-5 

496-6 


♦Reference [3]. 

tROBERTS S., Phys. Rev. 81 , 865 (1951). 
tRefcrence[8). 


symmetry axis of the lattice cage. This gives 

flO] 


yAii)MRi)DUct,p^yi)- ( 4 ) 

<=] t m 

Here the Eulerian angles of rota- 

tions carrying the c-frame into the /?rframe, 
O’s are the rotation matrices and ft stands for 
the orientation of the impurity ion in the 
V-frame’. In the f.c.c. lattice, the contribution 
of the first two shells of neighbours to the sum 
in (4) vanishes except when t = 4. This makes 
only quadrupole induced quadrupole, charge 
induced hexadecapole and hexadecapole 
charge interaction terms contribute to the 
crystalline field and hence to the barrier 
height. Thus the barrier height can be written 
in terms of molecular constants as follows 


K = {9I2} 




•'-( 7 / 2 )%;+ ( 7 / 12 )-^^-^" 






(5) 


The symbols having their usual meanings. The 
subscripts H and S denote respectively the 
host lattice and solute (or trapped) ion. 

In Table 1 the result of the calculations of 
the barrier heights are summarized. It is seen 
that with a value of 5-8 x esu for the 
quadrupole moment and -0-83 X 10“^^ esu 
for the hexadecapole moment, the calculated 
barriers agree well with the experimental 
values. The values of quadrupole and hexa- 
decapole moments are quite reasonable and 
are of the same order of magnitude as for other 


diatomic molecules (for HCl, <l)=0‘5x 10*^^ 
e.s.u.[12, 13], and 0= 3*7x I0“^®e.s.u.fll]). 

Calculations of Lawless for OH' trapped in 
these crystals involve a point charge model 
and a fitting of three parameters to one 
barrier height. Even this best fit leads to an 
unreasonably large dipole moment of OH~ 
(about 3J times larger), which cannot be 
explained either by quantum mechanical con- 
siderations 1 14] or nonequilibrium mechan- 
isms [15]. Even with the inclusion of induced 
moments, the large dipole moment of OH' 
obtained by point charge model cannot be 
explained [16]. 

The result for KBr matrix needs special 
mention. The experimental barrier height for 
the KBr matrix comes out to be larger than 
that for KCI matrix. This seems to be erron- 
eous and cannot be explained by us. The 
reason is as follows. If one considers the 
effect of only nearest neighbours, the OH" ion 
faces the same type of cavity in KBr, consist- 
ing of six neighbours, as in KCI. The 
dimension of the cavity is larger in KBr than 
in KCI resulting in a smaller crystalline field. 
This is due to the fact that all multipole 
expansions depend upon some inverse power 
of the interionic separation. The larger 
separation in KBr will give rise to smaller 
barrier height. However, at the present mom- 
ent we cannot say anything with confidence. 
It is also likely that barrier height depends 
upon the displaced anion radius for which no 
information is available. The ion size effect is 
known to play an effective part in diffusion 
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processes in these crystals at high tempera- 
tures [17]. Experiments on NaBr and RbBr 
crystals will be useful from this aspect. 

The experimental barrier height is obtained 
by using the Devonshire model to explain 
the librational frequencies. This at the first 
sight creates difficulty as two quite difi'erent 
barriers are needed to explain the librational 
and tunneling levels in hydroxyl doped alkali 
halides. Recently, it has been concluded 
112» 18] that if the interaction of the lattice 
vibrations to the motion of the trapped mole- 
cule is also considered, the two phenomenon 
viz. the libration and tunneling can be ex- 
plained from the same barrier. In the aforesaid 
paper, it is concluded that this barrier does not 
differ very much from that obtained by the 
librational level alone without considering 
the lattice vibrational effects. 
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ERRATUM 

F. K. LOTGERING: Mixed crystals between binary sulphides or selenides 
with spinel structure, 7. Fhys. Chem. Solids 29, 699 (1968). 

The printer regrets that on page 706, the second and fourth lines respectively of 
the second column should read: 

composition. If a depends on x, the 
curvature and it can easily be shown that a 

The fifteenth line of the first column on page 707 should read: 

for x=l‘65 (O--“500‘^K, T, - 200°K) it 

On page 708, W should read in the second term of the first equation for 
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APPLICATION OF THE POLARON MODEL TO THE F 

CENTERt 

H. L. ARORA and S. WANG 

Department of Physics. University of Waterloo, Waterloo, Ontario, Canada 

{Received!^ October 1968; in revised form 3 February 1969) 

Abstract-An approach for caltulaimg the effects of electronic and ionic polarizations on a simple 
two-electron center such as the F’ center is developed from the polaron model of electron-excess 
color centers. This approach and that described in a more recent work are applied to the study of 
effects of electronic and ionic polarizations on F centers in KCI, KBr, and NaCl, From the compar- 
ison of the obtained theoretical results with experimental results of F' bands, we discuss which 
approach is more appropriate in treating the effects of crystalline polarization on the system of two 
trapped electrons. In addition, the possibility that the F' center in a typical alkali halide has a weakly 
bound excited state to which the optical transition can be made is shown. The wave functions and op- 
tical absorptions of F' centers in KCI, KBr and NaCI are also discussed. 


I. fNTRODtCTION 

The F' center which is responsible for the 
F' band in colored alkali halide crystals is 
believed to consist of two electrons trapped 
at the lattice site of a missing negative ion. 
The F' band was identified with the direct 
ionization of an F-center electron from the 
work of Pick[l], Domanic[2J and Seitz[3J. 
This identification implies that the F' center 
is the analog of an H~ ion and does not have 
a bound excited state. However, recent 
photoconductivity measurements by Cran- 
dall [4] suggest that the F' center in KBr 
could have a bound excited state with binding 
energy between 0-04 and 0-08 e V. This sugges- 
tion has not been justified and discussed 
theoretically. 

In contrast to the F center, there are 
relatively few theoretical studies of the F’ 
center. In the previous theoretical studies, 
both Pekar[5] and Cheban[6] treated the 
F' center by the dieleclric-continuum-effec- 
live-mass model in calculating the thermal 
ionization energy of the F' center; Pincherle 
[7] used the semicontinuum model to calculate 
the ground-state energy of the F' center 


tWork supported in part by the National Research 
Council of Canada. 


and discussed its binding energy using his 
calculated results of ground-stale energies 
of the F' and F centers. Recently, La and 
Bartram[8] calculated the absorption energies 
of F' centers in NaCK KCI and KBr by 
assuming that F' band is due to the direct 
ionization of the F' center rather than excita- 
tion to a bound excited state as in the case 
of the F center. In their calculation, the point- 
iondattice model of Gourary and Adrian is 
used to evaluate the potential of the trapped 
electron due to the lattice and the semi- 
continuum model of KrumhansI and Schwartz 
is adopted to obtain a correction for polariza- 
tion. The theoretical F'-band energy cal- 
culated by the last authors for NaCI is in 
excellent agreement with the experimental 
value: however, their theoretical results 
for F' centers in KCI and KBr are consider- 
ably off the experimental values. 

The aim of the present paper is twofold: 
(a) to extend the polaron model(9-n] to 
the F' center, a simple two-electron center 
for which one considers not only the effect 
of the electronic polarization but also the 
effect of ionic polarization (the last effect was 
omitted in reference [10], because it is not 
important in the problem considered there), 
and (b) to see which approach is more ade- 


1M9 
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quate in treating the effects of electronic and 
ionic polarizations on a two-electron center. 

Therefore, we propose first a method in 
Section 2(a), which is based on the basic 
idea of the polaron model but different from 
that in reference [10] for computing quantum 
states of a defect like the F' center. The basic 
difference between this method and that in 
reference [10] lies in the treatment of the 
electronic polarization on the system of two 
trapped electrons. The optical absorption 
energies of F' centers in KCI, KBr and NaCl 
are calculated on the basis of Crandall’s 
suggestion [4] by using the proposed method, 
and given in Sections 2(b) and 2(c). 

We then calculate in Section 3 the optical 
absorption energies of F' centers in the 
same crystals using the method developed in 
reference [10]. In the Iasi section, we com- 
pare theoretical results obtained in Sections 2 
and 3 with experimental results and discuss 
(i) the method for treating the effects of elec- 
tronic and ionic polarizations on a two- 
electron center, (ii) the form of the 
wavefunction which adequately describes 
a defect such as the F' center, and (iii) the 
Crandall suggestion on the F' center. 

2. CALCULATION A 
(f/) Fffeedve Hamiltonian 
Considering that the F' center is the F 
center plus an electron and adopting the 
approach used to treat the electronic and 
ionic polarizations in Section 3 of a recent 
paper [ 1 1 1, we write the Hamiltonian including 
the effect of electronic and ionic polarizations 
for the F' center in the form 

// = 2 (e‘/r|2) +//,.+ + Vq-a 

/-I 

(I) 

where is given by 

//- (p.2/2m,) + S V(r-RJ 

a 

-vM + y,,.., 


for IPil < R and 

H,^{pmme) + '2Vir-Ko) 

a 

+ (3) 

for |r,| > F, where R is the radius of a spher- 
ical region drawn about the trapping center 
and is so chosen that the ith trapped electron 
does not polarize the lattice for |rj < /?, As 
in the polaron model calculation of F center 
[9], this R is set numerically equal to the 
Mott-Littleton radius of negative ion vacancy. 
Here we have taken the origin of position 
vectors of the trapped electrons and ions at 
the center of the vacancy having an effective 
charge + q (the trapping center, say). The first 
term in equation (2) is the kinetic energy of 
the /th trapped electron. 2 T^rj—Ron) is the 
interaction of the /th trapped electron with all 
ions of the perfect lattice, i.e. when all the 
nuclei are at their equilibrium positions and 
the core and valence electrons of all ions are 
in their ground state. The third term represents 
the interaction of the /th trapped electron 
with the trapping center q. The second term in 
equation (I) is the Coulomb interaction 
between the two trapped electrons. 

In the polaron model, denotes the 
Hamiltonian of the virtual excitons which are 
introduced to describe the system of the 
crystalline valence electrons. The inter- 
actions of virtual excitons with the trapping 
center q and the /th trapped electron are, 
respectively, denoted by and in the 
above equations. The expressions for these 
terms can be written in terms of creation and 
annihilation operators, and for excitons 
of wave vector w, as those in reference [1 1]. 
Hp represents the Hamiltonian of the virtual 
phonons which are introduced to describe the 
system of ions. and respectively 
stand for the interactions of virtual phonons 
with the trapping center q and the /th trapped 
electron, Corresponding expressions for Hp, 
Vq.p, and Tpj.p can be written in terms of 
creation and annihilation operators, a,; and 
(2) Ok^ for phonons of wave vector k[1 1]. 
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Making a canonical transformation for the 
exciton part with the aid of an operator 
defined by By, = b^-(V*lEa) and that for 
the phonon part with the use of the operator 
(see [II] for detail), we 

have 


// = y 




(4) 


where has the form 


occur only for !r,| > /?, to treat the phonon 
part involved in the present problem. Follow- 
ing this method, we find that the contribution 
of the phonon part to the effective Hamiltonian 
is the self-energy of the trapped electrons due 
to their own phonon clouds plus the exchange 
effect of phonons between the two trapped 
electrons. This exchange effect reduces the 
repulsive Coulomb interaction between them. 
Therefore, the effective Hamiltonian for the 
F' center takes the form 


B: By, 

+ 2 S e"-^' + c.c.) 

is given by 


//eff=i^e,f., + — +{F|//Jf) (9) 

where has the same form as that of 
(6) for lr<| < Ry and the form 


+ (l“{l/€„))(e2/ri) 


( 6 ) 


= ip^m) - 

( 10 ) 


for \v-y\ </? and 

= (PiV2m) - (eVe.n) + ( 7 ) 

for |rj >/?, with given by 

Hpn.i = 2, (Ofc + 2 ( Mk e + c.c. ) . 

^ ( 8 ) 

The notation used here is the same as in 
reference [11], The first term in (5) is the 
Hamiltonian of exciton part and the second 
term is the interaction between excitons and 
the two trapped electrons. The first term in (8) 
is the Hamiltonian of phonons surrounding the 
/th trapped electron; the second term is the 
interaction between them. In writing (4), we 
have replaced X T(r| — R^o) - F(r,) by the 
Madelung energy (-Me^ld) for |r/| < R and 
(p,V2/n,)+I K(r,-R<,„) by iP(V2m) for 

or 

|r,| > R using the effective mass approxima- 
tion for the electron. We also set F(r() equal 
to (eVo) for {til > /?. Since the phonons 
described by (8) occur only for |r<| > R, we 
shall adopt the method used for treating the 
exciton part in reference [10], where excitons 


for |r,| > R. €i in the second term of (9) is 
introduced to account for the exchange effect 
of phonons between the two trapped electrons; 
(i) it is unity for the case in which the two 
trapped electrons are both inside the spherical 
region of radius /?, because no phonons occur 
in this case, and (ii) (l/ci) is (1 - (l/t*)) for 
the case in which the two trapped electrons 
are both outside the spherical region, because 
the exchange effect of phonons between two 
trapped electrons in this case gives the ex- 
change energy where (!/€*) = 

(I/cx) - (l/€i,), €» being the high-frequency 
dielectric constant and €, the static dielectric 
constant for the crystal. Thus. €, depends 
upon the electronic state in question (refer to 
the choice of €, involved in the following 
sections). F denotes the wave function of all 
excitons. In the present section, we shall 
develop a method different from that in- 
troduced in reference [10] to evaluate the 
last term of (9), and so we write F in the 
Hartree form 

F = 3t/(w) (11) 

where /(w) is the wave function of the exciton 
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of wave vector w . 4^^ denotes the wave 
function of phonons surrounding the /th 
trapped electron and, in the present approxi- 
mation, has the form 

where v5(k) is the wave function of the phonon 
of wave vector k. 

We shall take (9) as the basic form of the 
effective Hamiltonian in calculating quantum 
states involved in the optical absorption of 
the F' center in a typical alkali halide. The 
detailed form of (9) depends on the electronic 
state considered, because, in general, the 
contribution of the last term of (9) is a function 
of the electronic stale under consideration. 

if?) Ground state 

To determine the one-exciton wave function 
/(w), we assume that the electron-exciton 
interaction, i.e. the second term of (5) is a 
small perturbation on the system of crystalline 
valence electrons. Furthermore, we average 
the interaction over the electronic motion to 
give an interaction energy which depends on 
the exciton coordinate alone. In determining 
/(w), we thus write 

Hrr - s F„ T 2 2 ( p., -f c.r. ) 

(13) 

where i.s given by 

Pir = / r 2 )|‘e''»'‘<dV, dV 2 ,i= 1 or 2. 

(J4) 

i//(r,.r 2 ) is the wave function of the two 
trapped electrons. Taking the second term 
in ( 13) as a perturbation and using first-order 
perturbation theory, we find 

/(w)= I |0) (15) 

here |0) represents the exciton's vacuum state. 
The normalization factor of/(w) is set equal 
to one, because the crystal volume is assumed 


to be large in this calculation. Using these 
exciton functions and (5) for //«, we find 

(16) 

We note that in this approach a term like the 
second term of (20) in reference [10], i.e. 
the exciton exchange effect between the two 
trapped electrons, does not appear explicitly, 
Following a method used for finding the 
contribution of excitons surrounding the /th 
trapped electron to the effective Hamiltonian 
in reference [10] to treat the last term of (10), 
we obtain 

(17) 

For a given electronic wave function 
equations (16) and (17) can be 
evaluated and hence the ground state may be 
determined from £o={ii/„(r,, r 2 )|//eff|i(/„(r„ 
Tg) ) by using the variational method, 

Pincherle[7] assumed that the problem of 
F' centers is analogous to that of the helium 
atom, with a nuclear charge equal to for 
alkali halides. Thus he chose the product 
of two I.Y hydrogenic wave functions as the 
trial wave function for the two electrons of the 
f center in the ground state. This trial wave 
function implies that the two trapped electrons 
of up and down spins are in the same h* orbital. 

In fact, the assumption of Pincherle is equi- 
valent to saying that the F' center is analogous 
to a hydrogen negative ion //“. In view of this 
and the fact that a hydrogen negative ion 
with two electrons of up and down spins in 
two different orbitals is stable [12], we 
write the trial wave function for the ground 
state in the form 

'PyiTuri) = +<f,„{r2)4>K{ri)] 

(18) 

where N is the normalization factor of i{ig; the 
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form of 0a and that of 0^ are 

0a(r) = (aW'^'e-^ 

0,(r) = (\^/7r)‘'2e“^^ (19) 

a and \ being variational parameters. 

The detailed calculations of (16) and (17) 
for the 1 ^) given by (18) are similar to 
those in reference [ 10 ] and we find 

(F|//,.1F)=4^ (20) 

( 21 ) 

where ^ is given by equation (42) of reference 
[lOjandf = ^/(l-(l/ 6 j). 

We have taken (20) and (2 1 ) as terms in the 
effective Hamiltonian to determine the ground 
state of F' centers in KCl, KBr, and NaCI 
using the variational method. The calculated 
minimum energy and the corresponding 
variational parameters a and A are summarized 
in Table 1. In calculating these results, we 
set (l/e^) appearing in the second term of (9) 


center is considerably greater than R, because 
of the presence of the repulsive Coulomb 
force between the two trapped electrons. This 
means that the trapped electron described by 
the hydrogenic 1 ^ wave function spends most 
of its time in the region where |r,l is much 
larger than R and the exchange etfecl of 
phonons between the two trapped electrons 
is very strong. Thus (l/cj) approaches (1- 
( 1 /e*)) in the present calculation (see the 
discussion following (10) for e,). As in 
reference [9], values for the constants are 
taken from Mott and Gurney [1 3]. We further 
note that the variational parameters a and A 
in hydrogenic ]s wave functions are found 
to be the same in the present problem. This 
is not the case in the problem of the inter- 
stitial ion in reference [ 10 ], because the 1 j 
orbit involved there is very small and the 
Coulomb repulsive force between two trapped 
electrons of up and down spins is very strong. 
In contrast to this, however, for the case of 
the F' center, the Coulomb repulsive force 
between the two trapped electrons is weaker 


Table 1. Cakalatcd variational parameters in 0 i;(ri, r 2 ) and 
0 f.(r,, Tj) in which the Is wave function is the hydrogenic Is 
wave function, ener^^y levels and absorption energies AE/or 
F' centers in KCl, KBr and NaCl. Variational parameters 
are ji^iven in A and energies in eV ( Calculation A ) 



at 


A 


E, 

IE 

KCl 

0-40 

-3-05 



-\^1 

1-68 

KBr 

0-40 

-2-91 



-1-31 

1-60 

NaCI 

0-45 

-3-73 



-1-69 

2-04 


tThe two variational parameters in ijfjir,, r-i) are found lo be the same. 


equal to (1 — (1/e*)). The reason for this is 
the following. The variational parameter a 
appearing in the hydrogenic Is wave function 
has been calculated for the ground state of 
the F electron for the crystals considered here. 
From the calculated a, we have computed the 
average value of r of the F electron to be 
greater than the radius of the present spherical 
region, R, We then expect that the average 
value of |r^| for the ground state of the F' 


than that corresponding to the H~ center, 
because the interaction between the trapped 
electron and the trapping center, is box- 
like for IrJ < R and Coulomb-like for (r,| > R 
and hence the \s orbital is larger. Thus 
0 fl(ri,r 2 ) given by (18) can be reduced to 
^a{ri ) 0 a(r 2 ) , which was first taken by 
Pincherle as the electronic trial wave function 
for the ground state of the F' center. It turns 
out that the ground-state wave function 
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determined here is nearly the same as that 
determined by Pincherle. Pincherle’s function 
for KCI is shown to be rather more diffuse 
than that calculated by the square-well model 
in reference [8]. 

We have also taken the wave function 


= (y^/77r)(l + 'yr,) e 
X (22) 

as the electronic trial wave function for the 
ground state of the F' center, which was first 
used by Pekar[5] for calculating the ground 
state of the F' center. The one-electron wave 
function involved in (22) (the modified 
function, say) has been found to be better 
than the hydrogenic l.v wave function in 
determining the ground state of the F center 
in KCI or NaCI[9]. For this trial wave 
function. and given, 

respectively, by (16) and (17) are found to be 


(F|//,,|F)=4r,(l~(l/eJ) 


where 


7} — 


1^11. „J_ ^ 

r, 


,,17 23 , , y'W 

x(i+2-7^, + 


(23) 

(24) 


(25) 


The corresponding minimum value of E„ and 
variational parameter y are found to be those 
given in Table 2. The variational parameter y 
determined here is 0-70 A“’ for KCI, which is 
smaller than that determined by Pekar (y = 


117 A*' for KCI). This means that iffg of (22) 
determined by the present method is more 
diffuse than Pekar's function and may not 
be much different quantitatively from the 
wave function calculated by La and Bartram 
[8]. Note that we set ej in Hck equal to unity 
in calculating the expectation value of the 
for i|/^(rj, Tz) given by (22), because the 
average value of Ir^l expected from the y 
value of the F' electron is nearly the same as 
the value of R and hence the phonon ex- 
change effect between the two electrons in 
the state described by (22) is small (cf. the 
discussion following equation (2 1 )), and 
therefore it is omitted. 

(r) Excited state 

We now consider the lowest excited state 
of the E' center to which the optical transi- 
tion can be made from its ground state with a 
large probability. From the atomic cal- 
culations we expect that the excited state of 
interest here should be the one in which one 
of the two trapped electrons is in the hydro- 
genic \s (or modified F) state and the other 
electron is in the 2p state. Thus we write the 
trial wave function for this electronic state 
as follows: 


i]/.,(r,,r2) = (l/V'2)[(/)i,(ri)())2p(r2) 

+ <^i.{r2)02„(r,)] (26) 

with ^i,(r,) having the same form as <j>a{r) 
in ( 19) and with (l> 3 „(r,} given by 

</' 2 „(r,) = (j8'V7r)''-r,e*®''CosO, /= 1,2. (27) 


Table 2. Calculated variational parameters in r^) and 

r-i) ift which the Is wave function is the modified Is wave 
function, energy levels and absorption energies AE for F' 
centers in KCI, KBr and NaCI. Variational parameters are 
^^iven in and ener^nes in eV {Calculation A) 



y 

E. 

y 

(i 

Er 

Use 

KCI 

070 

-3'58 

0-65 

008 

-1-32 

2-26 

KBr 

0 70 

-3 66 

060 

008 

-1 31 

2-35 

NaCI 

080 

-4-45 

075 

0-08 

-1-50 

2-95 
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This excited state is a singlet state as is the 
ground state. Here we expect that the optical 
transition from the ground state to a triplet 
state is highly forbidden and thus we do not 
consider any possible triplet state. 

For the state described by f26)» if we follow 
again the treatment used in Section 2(b) for 
evaluating in (9), equation (13) can 

be written as: 


2 [VwB^iPwu-^Pwf) 

w w 

+ c.(’.] (28) 


where 

Pu,e = l<f>h(ri)e'''^d‘r,. (29) 


It was shown in references [9] and [10] that 
the interaction of excitons with the trapped 
electron in a large orbit cannot be averaged 
over the electronic motion in evaluating 
(F|//^j 1F). We expect from the work on the 
F center that the 2p orbital involved in 
Tj) is large and set = Hence, 
we obtain from (28) 




+ 22 


VuA 




-hex. 


. (30) 


The physical meaning of the method used in 
deducing (30) from (28) is the same as that in 
Section V(B) of reference [10]. Taking the 
second term as a perturbation on the system 
of the crystalline valence electrons, we find 
that the corresponding one-exciton wave 
function in the first order perturbation theory 
is 


W 

+ (32) 

On replacing the summation over w by an inte- 
gration (see Section V(B) in reference |10] 
for detail), we find 

{F|//,,|F) = eHl-(l/€j)[Aa-(l/r.) 

+ (e-^“Wr,)(l + ttn) 
-l3/4r,2)-(3/2a)] (33) 

for in which 0^, is the hydrogenic \s wave 
function and 




r 5373 1 

25088® r, 


+ - 


l + |ar, + |aV,' 




for ipf. in which <f>ig is the modified 1 5 wave 
function. The phonon part, i.e. 
for the optical excited stale can be assumed to 
be the same as that for the ground slate, 
because the optical transition occurs according 
to the Franck-Condon principle and thus 
remains unchanged during the optical 
transition. 

We have taken (F|//,.j|F) just found above 
and found in Section 2(b) for 

those in the effective Hamiltonian of (9) and 
calculated the energy of the optically excited 
state, i.e. 


E,= (i//f(r,.r2)|//effli|/f(r„r2)) 

+ {eVa)(l~il/f,)) (35) 


/(w) = [(1-(F„*/2EJ) 

x(2pj„ + e''’"' + e (31) 

Using this/(w) and equation (1 1), we obtain 
the expectation value of //pj. given by (5) 


for the crystals under consideration. We note 
that the last term is added such that Eg and 
Fp (or the one-electron energies), in the pre- 
ceding and the present sections, are measured 
from the same reference point. This can be 
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seen in the following discussion. In evaluating 
{F\Her\f^} involved in the present work and 
in reference [10], we used Hartree-type self- 
consistent field (SCF) method for the \s 
orbitals and an approach equivalent to the 
second-order perturbation (SOP) method (see 
[10]) for the 2p orbital. We thus expect from 
the work of reference [9] that Eg = 
r 2 )|We(fl'l»„(ri, Ts)) and T.i)\H,„\Mru 

r^)) in this work and in reference [ 10 ] are 
not measured from the same reference point. 
In reference [9], {F\H(.j.\F) was treated by 
both the SCF and the SOP methods for the 
F electron. The application of the SCF method 
to {F\Hfj.\F) yields an r-dependent self- 
energy whereas the SOP method yields a 
constant self-energy - 2 - -(e^la) 

w 

(1 — (l/€x)). which is measured from the 
bottom of the bare conduction band (which 
does not include the effects of the electronic 
polarization of the crystal). This constant self- 
energy can be interpreted as the energy shift 
of the bottom of the bare conduction band as 
a consequence of the interaction of the elec- 
tron with its own exciton field. From the com- 
parison of the form of (49) in reference [9] 
with that of (29) in that reference (where 
is not much diflFerent from € we see that if 
one neglects the constant self-energy, i.e. 

then the one-electron 
energies in the SOP method and in the SCF 
method are measured from the same reference 
point, namely from the bottom of the con- 
duction band which includes the effect of the 
electronic polarization. We then see that in 
order that the zero energies involved in cal- 
culations of the ground stale (with SCF) and 
the excited state (with SCF plus SOP) for 
a work of the present type and reference [ 10 ] 
are the same, we have to subtract a constant 
energy C from the total energy of the excited 
state (or add the constant energy C to the 
energy of the excited state in which one of the 
two trapped electrons is in the \s orbital, and 
2C to the energy of the ground state in which 
the two trapped electrons are both in the \s 
orbital). From the form of ** 2 ) given in 


the present work and reference [ 10 ], we sec 
that the two trapped electrons in the excited 
state of the F' center or in the Ui center spend 
one half of their time in the \s orbital and 
the other half in the 2p orbital. On the average, 
one of the two trapped electrons is in the Is 
orbital and the other electron is in the 2p 
orbital. This 2p orbital has been treated by a 
method equivalent to SOP method in evaluat- 
ing {F\Hrx\F) for fj). Therefore, the 
constant energy C, which should be sub- 
tracted from r 2 )|//eff|ifrf(rj, Tj)) in 

bringing zero energies involved in Eg and E^ 
in a calculation of the present type at the same 
point, is -(eVfl)(l -(!/€«)). (It turns out 
that the last term of (54) in reference [10] 
should be replaced by {e^la)(\- (l/€«)).This 
replacement brings theoretical absorption 
energy of the Ui band in KCl closer to the 
experimental result.) 

The Ef. given by equation (35) has been 
calculated for KCl, KBr and NaCI. The com- 
puted values of and the corresponding 
variational parameters for r 2 ) including 
the hydrogenic I 5 wave function and for 
another ilfdru r-i) including the modified \s 
wave function are, respectively, summarized 
in Tables I and 2. The theoretical absorption 
energies obtained by taking the difference 
between Eg and E^ for F' centers in these 
crystals are also summarized in these tables. 
The values used for constants appearing in E^. 
are the same as those used in the ground slate. 
The comparison of the present theoretical 
results with experimental results is given in 
the last section. 

3. CALCULATION B 

We shall now adopt a method developed in 
reference [ 10 ] to calculate the ground and 
excited states of the F' center. The only 
difference between the method of the pre- 
ceding section and that in reference [ 10 ] is 
the treatment of {F\Hex\F). The treatment 
for {F\Hes\P') in reference [ 10 ] is the follow- 
ing. The wave equation corresponding to Hex 
given by equation (5) is 
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[2 2 2 +c.c.)l 

Lw {«1 w J 

X F = £,^F. (36) 

This equation determines the state of an 
exciton cloud in which there are two electrons. 
The application of the second-order perturba- 
tion theory to equation (36) yields (see [10] 
for detail) 

i=l 

-{\-{]le.){e'^lrn) (37) 

with given by 

S (VuB. e'-'+c.c.). 

" (38) 

The first term in (38) is interpreted as Ihe 
Hamiltonian of the virtual excitons surround- 
ing the /th electron; the second term is the 
interaction between them. I'he wave function 
corresponding to is denoted by F,. Thus 
{E,\lfrx.i\E,) is the self-energy of the /ih 
trapped electron due to its own exciton cloud. 
The last term of (37) is interpreted as an 
attractive Coulomb interaction due to the 
exchange of excitons between the exciton 
cloud surrounding the first electron and that 
surrounding the second electron. We now see 
that in the actual calculation of {F\Ht>j\F) in 
reference [lOJ, we treat the whole exciton 
cloud as two independent exciton clouds each 
surrounding one of the two trapped electrons. 
This picture is quite analogous to that appear- 
ing in the exciton theory of Haken[14J. In 
contrast to this, we treat the whole exciton 
cloud as one cloud throughout the calculation 
in Section 2 of the present paper. 

Adopting the method developed in reference 
[10] and considering (37), we have from (9) 
the effective Hamiltonian of the F' center in 
an alkali halide 

//.ff=2^efU+(e^/€/,2) (39) 


where is now given by 

+ (l-“(I/€«))(eVri) 
T(FJ//.,,|F,) (40) 

for Iff! < R and 

= {PtW - {e^l€,n) T (FJ//,,,|FJ 

+ (41) 

for |r/| > R. €2 in the last term of (39) is in- 
troduced to account for exchange effects of 
excitons and phonons between the two 
trapped electrons: it is (i) the usual high- 
frequency dielectric constant for the case 
in which the two trapped electrons are both 
inside the spherical region of radius R, 
because in this case only the exciton ex- 
change occurs, and (ii) the usual static di- 
electric constant for the case in which the 
two trapped electrons are both outside the 
spherical region, because both the exciton and 
the phonon exchanges occur. In /iew of the 
discussion following equation (21) and that 
following equation (2.^) for the choice of a 
value for e, in (9), we shall choose €■> = €, in 
the following calculation involving </<y(r,. r>) 
given by (18) and € 2 =^^^ in the calculation 
involving 0,;{r,, Ti) given by (22). 

We have also adopted /7,.rf given by (39) 
and followed the approaches used in Sections 
IV and V(B) of reference [10] to calculate 
the ground and excited states of the F' center 
in the crystals considered. The calculated 
results are summarized in Tables 3 and 4. 

4. DlSCtSSION AND CONCIASIONS 
Obviously, the accuracy of the present 
calculation depends mainly on the choice of 
R, the method used and the w'ave function 
employed. The value of R used in this work 
is chosen to be the same as that in the F-. 
center calculation [9]. This seems reasonable 
since the present R is defined (as in reference 
[9]) such that the /th trapped electron (equi- 
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Table 3. Calculated variational parameters in \lfg{Tu r 2 ) 
W**!* in v\'hich the Is wave function is the hydrogenic Is 
wave function^ energy levels and absorption energies AE for 
F' centers in KCK KBr and NaCl. Variational parameters are 
given inA~^ and energies in eV {Calculation B) 



at 

E, 

k 


Ee 


KCI 

0‘40 

-3 05 

0-40 

O' 20 

-1-41 

1-66 

KBr 

[)'40 

-2'9J 

0-35 

0-20 

-1-33 

1-58 

NaCI 

0-45 

-3-73 

0-40 

0-25 

-1‘74 

1-99 


t rhe two variatjonjil parameters in Fj) are found lo be the same here 
also. 


Table 4. Calculated variational parameters in i/Zf/r,, r^) and 
r 2 ) in which the Is wave function is the modified Is wave 
function, energy levels and absorption energies AE for 
centers in KCI, KBr and NaCI. Variational parameters are 
given in A ^ and energies in eV {Calculation B) 



y 

E„ 

y 

P 

E, 


KCI 

0'65 

'-3'02 

0'65 

0 08 

-1'32 

170 

KBr 

0 65 

-3-10 

0-60 

008 

-1-29 

1-81 

NaC'l 

07.5 

-3-81 

075 

0-08 

-211 

170 


valently, the F-center electron) is capable of 
polarizing the lattice and the effective mass 
approximation is valid for |r/) > R. 

It turns out that the method described in 
Section 2 and that used in Section 3 give 
nearly the same results for quantities deter- 
mining quantum states and the absorption 
energy of the F' center, if we take the hydro- 
genic Is wave function as the trial wave 
function for the l.v electronic orbital involved 
in the ground and excited states of the 
r center. The corresponding theoretical 
absorption energies ( Fables 1 and 3) are in 
fairly good agreement with experimental 
frequencies of band maxima of F' bands in 
KCI. KBr and NaCI (See Table 5 where 
theoretical absorption energies of La and 
Bartram[8] are also given, for comparison). 
On the other hand, if we take the modified Ly 
wave function as the trial wave function for 
the l.v electronic orbital involved in the wave 
functions considered, the method given in 


Section 2 and that in Section 3 lead to the 
result that the F' band may be identified with 
the direct ionization of the F' center (since 
j3 = 0*08A'^). However, the corresponding 
theoretical absorption energies (Tables 2 
and 4) of F' centers are in poor agreement 
with experimental values. The largest dis- 
crepancy of absorption energies occurs in the 
method of Section 2. In view of this and the 
fact that the only difference between the two 
methods used is the treatment of the effect 
of the electronic polarization on the system 
of the two trapped electrons, and that the 
modified Lv wave function is more compact 
than the hydrogenic Is wave function, we 
would conclude that the approach described 
in Section 2, for dealing with the electronic 
polarization, may not be applicable for a 
deep electronic state, Thus, we feel that, 
generally speaking, a method including 
explicitly the exchange effects of excitons and 
phonons between the two trapped electrons 
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seems more appropriate in treating the effects 
of electronic and ionic polarizations on a two- 
electron center. However, these exchange 
effects have not been treated in more detail 
in this work and hence a rigorous study of 
these effects is called for. Such a study may 
improve the present theoretical results. 

Furthermore, we see from the above 
discussion that the use of the hydrogenic 1j 
wave function for the I.v orbit involved in 
Ti) and Tz) may be more appro- 
priate than that of the modified 1 5 wave 
function. It is worthwhile noting that the 
latter wave function is found to be a good 
wave function for describing the ground state 
of the F electron. The reason why the 
modified 1 j wave function is not appropriate 
for the F' electron may be the following. In 
the case of the F' center, because of Coulomb 
repulsive force between the two trapped 
electrons, the size of the electronic orbit is 
larger than that in the F center. Hence the 
F' electron sees the negative ion vacancy 
as a unit positive point charge and, therefore, 
the hydrogenic \s wave function is more 
reasonable than the modified 1 s wave function. 

The optically ionized excited state (i.e. 
the optically excited state for /3 0) of the 

F' center is also calculated by setting j8 in 
Ef. given by (35) equal to zero and minimizing 
the resulting Fp with respect to the variational 
parameter in the hydrogenic l.v wave function. 
We find that the energy of the optically 
ionized excited state of the F' center is — 1*09 
e V for KCI, - M4 eV for KBr, and - I -40 e V 
for NaCI. Comparing these values with the 
corresponding Fp listed in Table 1, we see 
that the optically ionized excited state is 
always above the optically excited state 
tt) of interest. We then conclude that 
the optically excited state to which the 
transition corresponding to the band maxi- 
mum of the F' band can be made from the 
ground state of the F' center is a weakly 
bound state. The binding energy, obtained 
by taking the difference between the energy 
of the optically ionized state found above and 


£p listed in Table 1, is found to be 0*28 eV 
for KCI, 017eV for KBr, and 0*29 cV for 
NaCI. These binding energies are expected 
to be reasonable from the observed thermal 
binding energy, 0*04 ~ 0*08 eV, of the F' 
center in KBr[4], since, generally, the 
optical binding energy is larger than the 
thermal binding energy. We note that these 
optical binding energies are much less than 
those of the optical 2p excited states of F 
centers in typical alkali halides (approxi- 
mately 0*5 eV, see [9]). 

Thus, the above results lead to the conclu- 
sion that the F' band in a typical alkali halide 
is due to the optical transition from the ground 
state of the F' center to its h'2/?-like singlet 
excited state modified by the crystal field. 

We have not calculated the oscillator 
strength for the F' center, since a detailed 
form of the oscillator strength for an elec- 
tromexcess center based on the polaron mode! 
is not yet established. Nevertheless, we would 
make a remark that in the polaron model 
the total oscillator strength of a color center 
having N trapped electrons may be greater 
than /V, because of a small admixture of 
excilon oscillator strength. This remark is 
consistent with that proposed by Smith and 
Dexter from another point of view ( 1 5]. 
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Abstract -For the purpose of evaluating the spin lattice coefficients C,, and for CaFiiGd*''^ 
in cubic sites, uniaxial stress studies were conducted at room temperature on a single crystal of CaF^ 
doped with 0*02 at. % Gd'‘\ From the measured shifts of the magnetic field positions of certain 
of the fine structure components, corresponding to known increments in applied stress, the spin- 
lattice coefficients were evaluated in magnitude and sign Taking compressive stress as negative. 


the expcnmentally determined values are Ca 
10"*^ cm/dyn. 

INTRODUCTION 

For the purpose of determining the effect 
of applied stress on the crystal field inter- 
action of Gd**^ in CaF 2 , unixial stress studies 
were conducted using an Optovac CaF 2 
single crystal with approximately 0*02 at. % 
impurity substituted in cubic sites. The 
measurements were performed at room 
temperature with a Varian 4500 EPR spectro- 
meter at 9*8 GHz. The stress was applied in 
increments to the crystal in the microwave 
cavity. 

The results of these studies [1] were 
reported previously and, though they are 
revised here, they constitute the first report 
on the effect of uniaxial stress on the EPR 
spectrum of an 5'State rare earth ion in a 
cubic field environment. The signs of the 
previously reported values for C,t and C 44 
correspond to the arbitrary choice of taking 
compressive stress as positive. Feher[2] 
reported results of uniaxial stress studies for 
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Sciences Laboratory. Redstone Arsenal, Alabama, 
U.S.A. 
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—2-4±0-8 X 10' cm/dyn and = — 5-5± M x 

the 5-State ions of the iron group and 
Fe'^'^ in the cubic electrostatic field environ- 
ment of MgO; these measurements were 
performed at jc-band at 77°K. Recently, Calvo 
and Sroubek[3,4] reported results of similar 
studies on two rare earth 5-state ions, Gd*^^ 
and in CaFjUhe measurements for these 
two ions were done at 9 GHz and 77°K, and 
35 GHz and 300^K respectively. Our results 
are compared with the results given by 
these authors. 

THEORY 

The effect, on the EPR fine structure com- 
ponents, of the application of uniaxial stress, 
is described by the term added to the spin 
Hamiltonian, 

S- 8 D‘S (1) 

which describes the perturbation to lower 
than cubic symmetry induced by the applied 
stress. The elements of the tensor 8 D can be 
written as a linear combination of the applied 
stress components, where 

= 2 CoA/X*/. (2) 

kl 


166) 
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For an initially cubic symmetry, there are 
two independent coupling, or spin>latlice 
coefficients [5] which must be experimentally 
determined. In terms of the contracted Voight 
notation, these are Cu and C 44 . 

The development given by Feher[2] gives 
for the shift in resonance magnetic field 
position of a fine structure component 
corresponding to a first order shift in the 
energy levels due to applied uniaxial stress, 

5H = - (3) 

where (he component corresponds to the 
transition \ 0 and <t> are the polar 

angles of the applied magnetic field H,, 
relative to the crystal axes, and the Xu 
the components of applied stress. The function 
y in terms of the spin-lattice coefficients is 

:/ ( Xu ) = i 1 1 [Xi 1 ( 2 sin^ 0 cos^ c/) - i) 

+ +X:i:!(2cos‘(?-0] 

+ 2 r,,lxi '2 ''in’ 0 sin ij> cos (f) 

4 -X 2 ,j ^ sin </) 

-L \,ii sin 0 cos Ocos </>]}. (4) 

EXPERIMENTAL 

The uniaxial stress apparatus used in this 
experiment is shown in Fig. 1. A (jeneral 
Flectric Quarts lube of about Ain. thick and 
if in. in dia. and flared at the upper end, fits 
through the cavity and contains the crystal 
to be stressed, and the means for transmitting 
a force. The flared end rests on O-rings which 
are held in place in slots in the brass head. 
The micrometer barrel is mounted on a bearing 
which is rigidly imbedded in the brass cap, and 
the screw is slotted vertically, with the set 
screw, which screws in from the side of brass 
cap, riding in the slot. Hence, by turning the 
brass micrometer barrel, the micrometer 
screw is advanced without rotating. This is 
important due to the anisotropy of the ESR 
spectrum [ 6 ]. 



f'lg. 1 Uniaxial stress apparatus. The quartz tube 
containing the crystal fits through the stacks of the 
Varian room temperature microwave cavity which 
operates in the TF 102 mode 

The brass screw compresses a calibrated 
phosphore-bronze spring, and a force is trans- 
mitted to the sample by a teflon piston which 
is machined at the top so as to accommodate 
the spring. The sample rests between two 
quartz spacers each approximately ix^x 
A in., which distribute the load on the end of 
the teflon rod. The base pedestal is also teflon 
and the lower end of the quartz tube is packed 
with pumice so that the load is uniformly 
distributed over the hemispherical surface. 

The teflon gives only a very weak EPR 
signal and corresponds to a single very broad 
resonance with a g-value slightly less than 
the free electron value. Teflon does not bind 
with the quartz walls; however, as an added 
precaution, the piston was well greased with 
Dow Corning High Vacuum silicone grease, 
which shows no EPR signal. 

Referring to the cubic crystalline axes and 
taking the applied stress, P, in the fl 10] and 
the applied magnetic field, H,„ parallel to the 
[ 001 ] direction, the magnetic field shift of the 
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component corresponding to the transition 
M,-* M,— \ under applied stress P is 


4 


CnP 


(5) 


where ^'=l-992[7]. If now, H„ is taken 
parallel to the [111] direction, the magnetic 
field shift for each fine structure component 
becomes 


. 1 (2Af,-l) 
2 


C44P. 


( 6 ) 



Fig. 3. Magnitude of the magnetic field shift, |SH|, of 
the indicated fine structure components vs. increase in 
uniaxial stress AP for Ho parallel to [100] direction and P 
parallel to [1 10] direction, with Ho perpendicular to P. 


It is to be noted that in (5) and (6) a positive 
increment 6H corresponds to a shift to higher 
magnetic field. _ 

For Ho parallel to the [111] direction, the 
observed shift in magnetic field position 
under the applied stress is shown in Fig. 2 
for the magnetic dipole transitions M^ = 
Mg — ] and Zero 



AP KG/CM^ 


Fig. 2. Magnitude of the magnetic field shift, |8H|, of 
the indicated fine structure components vs. increase in 
uniaxial stress AP for Ho parallel to [ill] direction and 
P parallel to [110] direction, with H„ perpendicular to P. 

initial stresses indicated on the graph actually 
corresponds to 20 kg/cm- to 30kg/cm^ so 
the stress values given are referred to the 
initial stress. With the magnetic field H„ in 
the [001] direction, the observed shifts under 
applied stress for the components corres- 
ponding to the transitions M.„ = -j Mg = 
— 1 and — l are represented in 

Fig. 3. At the beginning of the final measure- 
ment for the A/j, = t Mg - i transition, the 


sample powdered. For the four transitions 
observed under applied stress, the magnetic 
field shift 8H was to higher field for positive 
values of M^ and to lower field for negative 
values. 

RESULTS AND DISCUSSION 

From the magnitudes of the slopes of the 
lines drawn through the data points in Figs. 2 
and 3 together with the sign of the slopes, the 
spin-lattice coupling coefficients were evalu- 
ated. These values are given in the Table 
along with the corresponding values quoted 
by Feher for and Fe^"^ in MgO and the 
values given by Calvo et ai for (id^^ and 
Eu^^ in CaFg. No delectable change in the g 
tensor under applied stress was observed in 
our measurements. 

The major source of the uncertainty in our 
measurements stems from an observed 
dependency of the stress characteristics 
of the crystal on its previous stress history. 
This is manifest as an observed departure 
of the magnetic field positions of the com- 
ponents from the initial values when the stress 
is reduced to the initial value. Another source 
of uncertainty is due to observed broadening 
of the resonance absorption as stress is 
applied. This broadening was about 3 per cent 
at maximum applied stress for the data shown 
in Fig. 2; however, it was as large as 15 per 
cent for that shown in Fig. 3. The larger 
scatter of the data shown in Fig. 3 is evidently 
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Table I Experimentally determined spMattice coefficients in 

tffl»7sp/10-‘*cm/dyn 



c,. 

c« 


MgO:Mn>" 

MgO:Fe“^ 

CaPj-Gd" 

CaFjiGd*^ 

CaPjiEu" 

+7'1±0’2 
+26 + 0-8 
-2-4 + 0-8 
-|■8±0•2 
-1-7 + 0-2 

-2-1 +0-1 
-5-5±0-3 
-5'5±M 
-1 ■0+0-3 
-10-9±0'1 

Fchcr[2I 

Fcher[2] 

Bowden and Miller 

Cal VO and Sroubck[3] 
Calvo and Sroubck[3] 


associated with this broadening which may be 
due largely to non-uniform distribution of 
the applied force caused by difficulty in 
polishing the ends of the crystal flat and 
paraJJeJ, 

Comparing the values for the .spm-lailia' 
coefficients presented in Table I, it is seen 
that they are well within (he same order of 
magnitude for the four different cases. This 
is surprising, since it would be e,\peclcd thal 
the iiitcntclion would he less strong for the 
rare earth ions whe/e the magnetic 4/ elec- 
trons are inside filled and shells, than 
for the iron group ^^)ns, where the electrons 
(»f the ha/f-hl/ed shell arc exposed directly 
to the neighboring ligands. If seems that 
considerable admixture of higher energ> stales 
into the ground slate is necessary in order to 
account qualitatively for the large values 
for the spin-lattice coetheienis of the rare 
earth ions, 

A theory using the point charge model and 
treating the relaxation process of an .V-slate 
ion in terms of spiM-oibit intciaction due to 
admixture of higher energy states into the 
ground slate has been presented by Blumc 
and ()rhach|S] for the ,V-sUile ion of the iron 


group Mn-^ in a cubic environment. This 
theory predicts the correct order of magnitude 
for the coefficients, C,, and but fails to 
predict the correct signs as obtained from 
experiment [2]. Another theory presented 
by Icushinf^l. which uses the spin-spm 
infc/acl/oii bci w'cen electrons as the relaxation 
mechanism, predicts the correct sign hut does 
not give the correct ratio of the coefficients. 
A similar calculation for a rare earth ion in 
the .V-s(ale does not seem to exist in the 
literal u/e. 

-CiKililiKfe is t‘>Lpressed to K A 
Sh^iicis o( rhe Physical S’Licnivs i ahu/alury foi sonic 
tic/p/nt sU{;>;cst/ons in Uic prcpann/<»n ot ihc manu.saipt 
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A NEW HIGH PRESSURE PHASE OF MnTiOg 
AND ITS MAGNETIC PROPERTY 
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Abstract- A high pressure phase of MnTiOa 11 is newly synthesized at high pressures and tempera- 
tures. An equilibrium phase boundary between an atmospheric pressure phase of MnTiOi I and 
MnTiO;, II is P(kb)= 110 - 0-044 7'{®C). X-ray analysis of powder specimens has revealed that the 
high pressure phase MnTiOa II has the disordered ilmenite structure with the hexagonal lattice 
parameters of a - 5-2051 A, c = 13-699 A, eja = 2-632 and 1^ = 321-4 A 13], The transformation from 
MnTiOa I to MnTiO, II causes an expansion of the a axis by 1-3 per cent and a contraction of the 
r axis by 4- i pci cent, resulting a volume decrease of 1 -6 per cent Both Mossbauer effect and para- 
magnetic ESR measurements suggest that MnTiOi II is antifeiromagnctic below 24V l®K The 
magnetic susceptibility obeys the Curie-Weiss law almovt down to the Neel temperature and slightly 
deviates from it below 7v. in marked contrast with that ot MnTiO i I. A possibility that the covalency 
of Mn^' ions plays an important role both m the magnetic interactions and the crystal stability of 


manganese ilmenitcs is suggested 
J. INTROOITTION 

MnTiOn. which has the ilmenite structure 
with rhombohedral /?3 symmetry, is a member 
of several litanale ilmenites (where 

A/=^Mg, Ni, Co, Fc, Mn and Cd). Fhe 
ilmenite structure is an ordered corundum 
structure in which the and ions 
occupy alternate basal-plane layers of cationic 
sites, I hese ilmenites (except MgTiO:, and 
C dTiO;|l are reported to be antifcrromagnelic 
at low temperatures f 1-3]. The magnetic 
structure is determined by the 9(T exchange 
interaction in the layer and the intralayer 
exchange interaction through two oxygen 
layers. The magnetic properties of Mn'I iO.-j 
are quite different from those of other ilmenites 
[4,5] and are reported not to be understood 
within the scope of the conventional crystalline 
field theory based on the molecular field 
approximation which was found to be success- 
ful for other ilmenites [6]. 

MnTiO , 3 seems to be also rather different 
from other ilmenites from the crystallo- 
graphic point of view. We have found that 
MnTiOg transforms into the disordered 
ilmenite structure with R3c symmetry at 
high pressures and temperatures. No phase 


transformation in ilmenites ^ffiO^, has 
hitherto been found except CdTiO.,. which 
was reported to transform to a perovskile 
structure at high temperatures [7] 

Fhese eharactcrisiie features in the magnetic 
and crystallographic properties of MnTiOi. 
which arc clearly distinguished from those 
of other ilmenites. are expected to be closelv 
related to each other. 1 his paper is con- 
cerned With the magnetic and crystallographic 
studies of the disordered ilmenite MnTiO,^ II. 
which are mainly motivated by the anomalous 
properties of the atmospheric pressure phase 
MnTiO, I. 

2. EXPERIMENTAL RESl LI'S 
2 . 1 Sample preparation and phase equilibrium 
study 

Starting materials for high pressure runs 
were powder specimen of MnTiO, I that had 
been prepared by intimately mixing MnCO, 
and TiOg in equimolar proportion, forming 
pellet and sintering at I300T for several 
hours in a COj atmosphere. X-ray analysis 
indicated a single phase MnTiO, I for the 
quenched products. 

Pressure was generated by a tetrahedral 
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anvil type high-pressure apparatus using 
pyrophyllite as pressure transmitting material. 
Pressure calibration was made on the basis 
of the pressure standard proposed by Jeffery 
et a/.[8]. The heating element consisted of a 
pure graphite tube, and powder specimens 
were directly embedded in it. Temperature 
was measured with a Pt/13%Rh-Pt thermo- 
couple without any correction for the pressure 
effect on the thermocouple e.m.f. 

The specimen was abruptly cooled to room 
temperature before pressure was released, 
after being maintained at desired pressure- 
temperature condition for a sufficient time 
duration for an equilibrium (e.g. 1 5 min at 
1300T and 40 min at 900T). The quenched 
specimen was examined by X-ray powder 
diffraction technique. Results of the phase 
relation study arc indicated in Fig. I, where 
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Presiure , Kb 

i-tg I Phase diagram of MnTiOi at high pressures and 
high (enipeiatuics Hullow circle MnIiO,l and full 
ciicle Mn'liOil! Rectangular mark indicates a reverse 
rcaclion from Mn TiOi 1 1 to MnTiO, I, 


open circles correspond to unchanged MnTiO., 
I and black circles to the newly found phase 
MnTiO;, II. An equilibrium phase boundary 
between these two phases is determined as 
P(kb) == ! 10-0 044 T(T). The reverse reac- 
tion starling from Mnl iO.., II, indicated by a 
square, revealed a monolropic reaction. 

2 . 2 Crystalloj^rapliic properties 
X-ray diffraction lines of the newly syn- 


with the corundum structure. The lattice 
;lt.0fWI.MnT/O,|andMnT,O,l 
L summarized in Table I logelher w,H 
./-spacings. The agreemeni between observed 
and calculated spacings is excellent. 

Particular attention was paid to a search 
for the existence of the III diffraction line 
in the rhombohedral index, because this line 
is a superlattice line that characterizes the 


ordered ilmenite structure. However, no 
trace of this line could be detected, within 
experimental error, in the case of MnTiOj II. 
On the other hand, this 1 1 1 line, though weak, 
was distinctly observed in the case of MnTiOa 
I, which has the ordered ilmenite structure. 
The observed intensity ratio of the 1 1 1 diffrac- 
tion line to the 1 10 line of MnTiO;, I is about 
5 per cent, which is reasonable in comparison 
with the intensity calculation using the 
atomic parameters determined by neutron 
diffraction [1). 

Because of the complete absence of the 
1 1 1 diffraction peak in MnTiO^ U, it can be 
suggested that the cation distribution in 
Mn fiO;^ II is random. 

The unit ceil length of the hexagonal a axis 
increases by about 13 per cent, while that 
of the c axis decreases by about 4*1 percent, 
during the transformation from MnTiOn I 
to MnTiO;, II. This results in a very large 
decrease of the r/r/ ratio, approaching to 
the idea) value for hexagonal close-packing, 
2*45. and an increase by 2°22' in the rhombo- 
hedral angle a. The volume decrease accom- 
panied by the transformation is 1*6 per cent. 
With the aid of the Clapeyron-Clausius 
equation, this gives an entropy change of 
0*5 cal/mol.°K during the transition. 

It is also interesting to note here that such 
an order-disorder transformation in the 
ilmenite structure was found only in MnTiO;,. 
Other ilmeniles MTiO;,(M = 

Ni^^ and Mg^^) do not show any trans- 
formation at pressures up to 90 kb at about 
1300°C in the present study. 
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Table \ , Cell parameters and d-spacin^s o/MnTiOs I and MnTiOs II 


Rhombohedrai 




index 

MnTiO;,-l 

MnTiO, -II 

hkl 




1 1 1 

4-767 

4-761 vw 

- 4-566 - 

1 10 

3-779 

3-776 m 

3-769 3-765 m 

2 1 1 

2-785 

2-785 i'.s 

2 728 2-727 va 

101 

2-568 

2-569 j: 

2-604 2-603 j 

210 

2-260S 

» 2-2607 m 

2-262 2-261 m- 

220 

1 -8882 

1-8882 m 

1-8827 1-8827 a 

321 

1-746(1 

1 1-7461 m 

1-7162 1-7163 H 

3 10 

1-5213 

> 1-5214 m 

1-5254 1-5254 ^7 

2 1 1 

1-4831 

1 -4830 M- 

1-5025 1-5026 m 


a ~ 

5-1374 ± 0-0002 A 

fl- 5-2051 ±0-0005 A 

hexagonal 

c - 

14-284 + 0-001 A 

I3-699±0-003A 


cla^ 

2-7803 ±0-004 

r/« = 2-6319 + 0-0009 


(/ = 

326-5 + 0-1 A^ 

K=321-4 + 0-l A“ 


Or = 

5-6096 ±0-0005 A 

a, = 5-4666 ±0-0011 A 

rhombohedral 

Or = 

54°30' + r 

u, = 56°52' ± 2' 



l08-8±0-l A' 

1-',= 107-1 ±0-1 A’ 


2.3 Magnetic susceptibility measurements 
The magnetic susceptibility measurements 
were carried out by means of the conventional 
magnetic balance in a field up to about 10 kOe 
for the temperature range from room tempera- 
ture to liquid He temperature. Fhe absolute 
value of the susceptibility was calibrated 
by measuring the magnetic susceptibility of 
Mohr’s salt. Temperature was measured by 
using the 2%Co-'Au/Cu thermocouple, 


which was calibrated at liquid He, and 
N 2 temperatures. 

Temperature dependences of magnetic 
susceptibility of both MnTiO;, 1 and MnTi 03 
II are shown in Fig. 2. No field dependence 
of magnetic susceptibility for both substances 
was observed up to the maximum field 
examined. The magnetic susceptibility of 
MnTiO,-, I shows a broad maximum around 
I00°K, which is consistent with the previous 



Temperoture "K 

Fig, 2 Magnetic susceptibility vs, temperature of Mn ! lOn 1 and MnTiO, II 
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reports [4, 5]. On the contrary, the tempera- 
ture dependence of magnetic susceptibility 
of MnWs II is strikingly different from that 
of MnWi I. It obeys a Curie-Weiss law 
down to the liguid hydrogen ternperMre 
and slightly deviates from it at as 

s/iow/i in the inverse of magnetic suscep- 
tibility, X~‘ vs. T relation in Fig, 3. The 
e/FectIve Bohr magneton number determined 
from the Curie constant is 5-95 which 
IS reasonable for ions. The paramagnetic 
Curie temperature was determined as — J75®K, 
rather smaller in absolute value than that of 
IVfnTiO;, t. -2iO‘'K, which was determined 
from the measurements of high temperature 
susceptibilityl9). 


to be 2-0 at room temperature and showed no 
temperature dependence down to the Neel 
temperature. In the region of the Neel 
temperature, the line width increases exponen- 
dally and the resonance peak decreases 
rapidly as the temperature approaches T,. 
In Fig. 4, the temperature dependence of the 
paramagnetic resonance absorption and the 
line width observed in MnTiOg II are pre- 
sented. The Neel temperature, Ta-.is estimated 
to be 24° ± TK by extrapolating the absorp- 
tion and the inverse of line width to zero 
independently. 

2.5 Mosshauer study 

Mossbauer measurements were carried 



V Inveise of magnetic susceptibility vs. tempeiature of MnTiO;i II, 


2.4 ESR study 

Paramagnetic resonance absorption was 
measured on powder samples of MnTiOs 
II at 95-3 MHz from 4-2 to 300°K. The ESR 
signal was observed by means of a wave- 
guide reflection type spectrometer. Tempera- 
ture was measured by using Au-Co/Pt 
thermocouple, which was attached to the 
bottom of the sample wave guide close to the 
specimen position. For the purpose of cali- 
bration, a small amount of DPPH crystal 
was also placed at the sample wave guide. 

The ^^-factor of MnTiO:j II was determined 


out on a I per cent doped specimen 

of MnTiO.i. as Fe^O;^ and TiO^ were 
mixed with powder specimen of MnTiO;i 
so as to give 1 mol. % FeTiO;, in MnTiO;,. In 
order to make the iron divalent, the mixture 
was sintered in a controlled atmosphere of 
oxygen, which was produced by mixing CO^ 
and Hz gas in the ratio of 1. A high pressure 
polymorph of this iron doped MnTiOa was 
easily obtained, following the same procedure 
as mentioned in the preparation of pure 
MnTiO, II. 

The Mossbauer spectrum measured at room 
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Fig. 4. Temperature dependence of paramagnetic resonance 
absorption (in arbitrary scale) and width of resonance line of 
NlnTiOill measured at the frequency of 95 -3 MHz. 


temperature was very similar to that of 
FeTiOs, assuring Fe doped in MnliO^ is 
ferrous ion. The isomer shift and quadrupole 
splitting are 1 -29 and 0-83 mm/sec for MnTiOs 
I and 1*22 and I *32 mm/sec for MnTiO.-, II, 
respectively. The isomer shifts of both 
substances are almost comparable to that of 
FeTiOg, l-20mm/sec[10]. However, the 
quadrupole splitting of MnTiOa II is con- 
siderably larger than that of FeTiOs, 
0*31 mm/sec. 

The Mossbauer spectrum of MnTiO^ II 
measured at 4‘2°K showed an ordered 
magnetic structure. Although the resolution 
among each line was poor, the ordered 
Mossbauer spectrum resembles that of 
FeTiOj}. The internal field was roughly 
estimated to be about 1 50 kOe. 

All of these experimental results suggest 
that MnTiOa II of the disordered ilmenite is 
anliferromagnetic at 4*2°K and the Neel 
temperature is 24°K. 

3. DISCUSSION 

We have concluded that the new high 
pressure phase of MnTiOy II has the dis- 
ordered ilmenite structure. The most direct 
evidence for this is the absence of the III 
superlattice line. Considerable increase 
found both in entropy and the quadrupole 
splitting in the high pressure phase MnTiOa II. 
compared with those in MnTiOa 1^ ^Iso 
supports this conclusion. 


We have very recently succeeded in 
synthesizing a similar disordered ilmenite 
MnSnOa at high pressures and tempera- 
tures[ll]. In the case of MnSnO^, the 
possibility of the ordered ilmenite structure 
can be eliminated more definitely than in the 
case of MnTiOa H- because of the marked 
difference in the atomic scattering factors of 
Mn and Sn. The crystallographic parameters, 
as shown in Table 2, are more similar to those 
of MnTiOa II, rather than those of MnTiOa I. 
This will be another evidence for the above 
conclusion. 

The observed magnetic properties of 
MnTiOa H can also be explained rather 
satisfactorily from the viewpoint of the 
random distribution of Mn^'^ and Ti^"^ ions 
among four sublattice sites in the ilmenite 
structure. The temperature dependence of 
the magnetic susceptibility in MnTiOa 1 1 
obeys the Curie-Weiss law almost down to 
the Neel temperature, in marked contrast 
with that of MnTiOa I, which has a very 
broad maximum above the Neel tempera- 
ture. The similarity in the susceptibility vs. 
temperature curve of MnTiOa 1 of 

KaNiF, and K 2 MnF 4 , which were reported 
to be the ideal two dimensional antiferro- 
magnets [1 2, 13], suggests that the anomalous 
magnetic properties of MnTiOa I can also 
be understood as the characteristics of the 
two dimensional antiferromagnet. This is 
quite consistent with the anliferromagnetic 
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Tahlt* 2. Crystallographic parameters of some ilmenites 




Hexagonal 


Rhombohedral 



Substance 

«(A) 

‘■(A) 

c!a 

Ur(A) 


(A) 

Reference 

MnSnOat 

5-376 

14-025 

2-609 

5-611 

57°I4^ 

0-09 

[11] 

MnTiO.llt 

5-205 

13-700 

2-632 

5-467 

56"52' 

0-12 

♦ 

NiTif), 

5-031 

13-788 

2-741 

5-437 

55”07' 

0-01 

[1,21] 

MgliOs 

5-052 

13-893 

2-748 

5-471 

54°58' 

0-02 

[21,24] 

CoTlOy 

5-066 

13-920 

2-748 

5-485 

55*^00' 

0-04 

[3,21,24] 

Fe no, 

5-088 

14-073 

2-766 

5-535 

54“44' 

0-06 

[2,21,24] 

MnTiO, I 

5-138 

14-283 

2-780 

5-609 

54‘'30' 

0-12 

[1] 

MfiCeOA 

4-^36 

13-76 

2-788 

5-400 

54^24' 

0 13 

[20] 

CdTiOi 

5-248 

14-906 

2-840 

5-82 

53‘’36' 

0-29 

[7, 16] 

MnGeOJ 

5-015 

14-331 

2-858 

5-586 

533' 

0-27 

[3, 19] 

CdSn(),§ 

5-454 

14-968 

2-744 

5-900 

55^02' 

0-26 

[17] 


* Present study. 

tDisordered ilmeniie stabilii^ed al high pressure. 
tStabilized at high pressure. 

^Transforms to a perovskitc structure at high temperature and high pressure 


strucUire of MnTiO,^ 1 determined by neutron 
diffraction, in which the 90'^ Mn-Mn inter- 
action within the c layer plays a main role. 
Such two dimensional characteristics are 
possibly lost in MnTiO-j II. 7'he interlayer 
interaction in the disordered ilmenite MnTiOu 
11 is drastically increased as the adjacent 
layer is no longer non-magnelic as in 
MnTiO:, I. 

In the di.sordered ilmenite structure, the 
nearest neighbor exchange interaction 
between four sublatticc sites can be classi- 
tied into four types: ,/„(! „), V,.( IV) and 

irfdV)- (Symbols indicated in brackets are 
after the notation by Ishikawa and Akimoto 
(14).) Jf, and are the interlayer inter- 
actions, while J,. is the W intralayer interac- 
tion which is the most important in MnTiO^ 1. 
Jfi is also a 90° interaction. If we assume that 
a magnetic structure of Cr 203 type is realized 
in MnTiOs 11, (he Neel temperature 7 v and 
the assymplotic Curie temperature, 0^, are 
given in the molecular field approximation to 
be 

7\ - 4 ( 37, -f 37„ ” 67„ + 7 J X 0-5 

fl, = - 1 C„, { 37, -h 37„ 4 67ft -b7J X 0-5. 

rhe factor 0-5 was multiplied because a half 


of every sublattice site is occupied by non- 
magnetic Ti ions in the case of MnTiO^ II. 
When the concentration of non-magnetic 
atoms is 50 per cent, the probability of 
existence of magnetically isolated spins or 
clusters is quite small. Therefore, the mole- 
cular field approximation can be used to 
describe the magnetic properties of the 
inhomogeneous systemfl51. 

The magnitude of the interaction is 
directly determined to be 25°K from the 
measured value of T.v = 24°K and 6,, - 
-175°K. Assuming that the two 90° inter- 
actions, 7,. and 7^, and the two 135° inter- 
actions, 7(, and 7ft, have almost the same 
magnitude, respectively, we can estimate 
the magnitude of iC„(7,. to be 3l°K. In this 
case, every interaction has almost the same 
magnitude, in quite contrast with the dominant 
90° Mn-Mn interaction within the c layer 
in MnTiOj 1. This will be a reason why typical 
features of two dimensional antiferromagnets 
are lost and an ordinary three dimensional 
antiferromagnetism seems to be established 
in MnTiO.j 11 with the disordered ilmenite 
structure. However, it is to be noted here 
that the 90° Mn-Mn interaction has still 
almost a comparable magnitude with that 
of the 135° cation-anion-cation exchange 
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interaction between adjacent layers in the 
disordered ilmenite MnTiOs II. 

Secondly, we will discuss the stability of the 
crystal structure of MnTiOy from the view- 
point of crystal chemistry. In Table 2, 
crystallographic parameters of several 

substances with the ilmenite struc- 

ture were tabulated together with the differ- 
ence between the ionic radii of paired and 
ions, |r^ ~ r/^|. The table shows a tendency 
that the cla ratio increases as the difference 
between ionic radii of divalent cations and 
the Ti"*"^ ion increases in the order of Ni^\ 
and Cd^^ in the 
ilmenites A/TiO j. This fact suggests that the 
ilmenite structure becomes unstable if the 
difference in ionic radii exceeds a certain 
limiting value. Actually, the ilmenite struc- 
ture seems to be realized only for the very 
restricted range of the value \r^-rn\ ^ 0-13, 
except for CdTiO^, CdSnOs and MnGeOy 
(cf. Table 2). 

This situation seems reasonable from the 
consideration that the ilmenite structure is 
basically identical with the corundum struc- 
ture and a large mismatch in the size of 
paired ions may introduce a local strain 
energy. Ilmenite compounds with a large 
mismatch in the size of paired ions are 
relatively unstable compared with other 
ilmenites. Both ilmenites CdTi03[161 and 
CdSnO;,[]6, 17| are unstable at high tempera- 
tures and high pressures, subjected to a phase 
transformation to the perovskile structure. 
Two germanates MnGeO^[l8, 19J and 
IVIgGeO;{[19, 20] are only stabilized in the 
ilmenite structure at moderately high 
pressures. MnTiO;j is also a critical ilmenite 
because the difference between the ionic 
radii of ion pairs takes a boundary value. This 
is possibly a reason why the order-disorder 
transformation was only found in MnTiO;i 
but not in other titanate ilmenites AfTiO^. 

The order-disorder transformation occurs 
when the Gibbs free energies of the two 
phases become equal; 


^G=-^U-T^S■^P^V 

where AG and MJ are differences of the 
Gibbs free energies and the internal energies 
of two phases. When the specimen is subjected 
to high pressure and temperature, the dis- 
ordered ilmenite phase is stabilized because of 
the decrease in the energy due to -7A5 and 
FiiV terms at the cost of the increase in the 
internal energy change which consists of 
electrostatic ordering energy. At very high 
pressures such as some 10 kb, the T^S term 
is practically negligible compared with the 
7AT term. Therefore, since the change in 
the electrostatic ordering energy between the 
ordered and disordered ilmenite phases is 
nearly equal for all the ilmenites, the larger 
the volume difference between the ordered 
and disordered phases, the smaller the 
pressure at which a phase transformation 
takes place. 

A volume difference between the ordered 
and disordered phases would be larger when 
the difference in the ionic radii of the paired 
ions of the ordered ilmenite is larger. The 
solid solutions between ilmenite ATTiO, and 
hematite aFe^iO^ where both ordered and 
disordered phases are realized by the change 
of composition give an evidence for that [21). 
These considerations make us understand 
the present experimental results that only 
MnTiO;, showed an order-disorder phase 
transformation among titanate ilmenites 
A/TiO;,. 

It is worth noticing that the relatively 
less stable ilmenites are realized only when 
they contain Cd-^ or ions, which have 
the electronic configuration and respec- 
tively. Both the Cd-0 and Cd-Cd distance 
in CdTiO.i with the ilmenite structure have 
much smaller values than those in other 
cadmium oxygen compounds like CdTiO^ 
with the perovskite structure 122]. This 
suggests that the Cd ion has a covalent charac- 
ter in the ilmenite structure. If we assume a 
similar covalency exists in the Mn-^ ion, 
both the anomalous magnetic properties and 
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the crystal instability of the manganese 
I or MnGeOs can be 


ilmenites MnTiO.i 
explained rather consistently. 

Previous studies have revealed that the 90 
exchange interaction is anomalously strong 
in MnTiOs 1 as in other manganese oxygen 
compounds. The 90° cation-anion-cation 
exchange interaction will be weak for Mn*^ 
ions since MnBr^^ and iV/nCi;> with so/ely 
the 90 ^ cation-anion-CHtion exchange 
interaction show very low Neei tempera- 
tures such as 2*I6°K and l•96°K. respec- 
tively! 23 J. The strong 90° interaction 
between ions in the oxides is considered 
to he due to the cation-cation interaction, 
it has been reported that the magnetic moment 
of the ion in the antiferromagnetic 

state of I determined by neutron 

dilfraction is 4 5.V^ffl( which is remarkably 
smaller than the value estimated from the 
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Abstract- Absorption due to indirect transitions of holes from the boron levels to the valence band in 
silicon was recorded with the aid of penetrating exciting light Two peaks for the absorption change 
produced by illumination were obtained which could be related to transitions from the two upper 
valence bands and from the lower valence band to the impurity level respeciively The participating 
phonon energies were determined and a value for the spin-orbit splitting in silicon was obtained, The 
measurements also made it possible to explain certain results from earlier measurements on boron- 
doped and indium-doped silicon. The absorption increase recorded as a function of the exciting light 
intensity was in good agreement with a curve calculated theoretically for the assumed conditions 
From the results obtained, the conclusion may be drawn that the time interval during which the bound 
holes preserve their L values is considerably larger than the lifetime of the holes Finally, some 
measurements were made on intrinsic and gold-doped germanium and the spectra! distribution of the 
absorption due to a gold level was determined. 


INTRODUCTION 

In previous works, the impurity levels in 
silicon and germanium have been studied 
mainly with the aid of measurements of 
conductivity and transmission. Later on. 
investigations on silicon were made by the 
author according to a method in which the 
carriers were excited by light. The exciting 
light was chopped and the resulting modulation 
of the i.r. beam was recorded. This technique 
made it possible to detect both fast and slow 
effects[l-4]. By fast effects, we mean 
processes with the time constant t< \lf 
where / is the chopper frequency. A Perkin- 
Elmer spectrophotometer was used in the 
measurements. In the present work, the same 
technique was used to investigate the impurity 
absorption in boron-doped and gold-doped 
germanium. The crystals used were etched 
and polished rectangular plates 10x15 mm 
in area and 1-2 mm thick. 


RESULTS AND DISCUSSION 
Absorption due to boron levels in silicon 

With the chopper 90° out of phase with the 
detector system (measurement of the slow 
effects), the dominant absorption change 
produced by illumination corresponds to 
transitions (1) and (7) from the valence band 
to the boron level, cf. Fig. 1 and was brought 
about by the exciting light which, by exciting 
electrons across the bandgap. caused an 
increase in the number of electron transitions 
from the conduction band to the impurity 
level (transition 2). 

With the chopper in phase with the detec- 
tor system, the dominant absorption change 
produced by illumination corresponds to 
transitions (6) and (8) in boron-doped silicon 
and was caused by the penetrating exciting 
light which, by exciting electrons from the 
impurity level to the conduction band (transi- 
tion (5)) caused an increase of the hole 
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hig. 1 The hand structure of silicon i>,, u.; and t;,, are the 
thtec valence sub-bands. The arrows indicate electron 
iransirions. (2), (6) and (8) are indirect transition.s 

which can occur w ith the participation of phonons. 

occupancy of the level. Emission and absorp- 
tion corresponding to transitions (2-4) have 
been detected directly earlier[2,5,6]. 

From earlier measurements [4] on boron- 
doped silicon, it is evident that, with the 
chopper in phase with the detector system, 
no absorption change, due to free carriers, 
could be detected in considerable parts of 
the wavelength region. This is due to the fact 
that the lifetime of the free carriers is too 
small in strongly doped material, and the 
increase in the density of free carriers 
5 = is consequently small. Q is the 
number of excited carriers per unit volume 
and unit time andr is the lifetime. At about 
O lOeV, an absorption increase due to illumi- 
nation was detected when no extra filters 
were used in the exciting light beam and 
penetrating light was present. By illuminating 
with the penetrating exciting light, electrons 
were excited from the boron level to the 
conduction band and, as a result, an absorp- 


tion increase for the radiation whose photon 
energy corresponds to the transition between 
the acceptors and the valence band was 
obtained. One might therefore expect, if the 
transitions causing the absorption are mainly 
direct, an absorption curve with a sharp rise 
at about the photon energy corresponding 
to the ionization energy of the boron level. 
If, however, most of the transitions are 
indirect, viz. the transitions occur in inter- 
action with phonons, a displacement of the 
rise in some direction should occur. The 
absorption curve recorded earlier[4] seems 
to be the result of indirect transitions. A 
rough estimate of the energy of the partici- 
pating phonon was made. The recorded 
absorption is interpreted as being caused by 
the transitions between the valence band 
maximum of the and bands and impurity 
levels at the same k value, as the conduction 
band minimum. 

In the present work, more accurate measure- 
ments, in which the region towards shorter 
waves was especially examined, were made 
on the band. As a result of this one more peak 
was detected, cf. Fig. 2. which thus made a 
more accurate interpretation possible. The 
curve recorded seems to be built up from a 
superposition of two different absorption 
curves, one due to indirect transitions from 
the maximum of the valence bands Vi and Uj 
to the impurity level and the other due to 
indirect transitions from the maximum of the 
v-i band to the impurity level. The active 
impurity states seem to have k values around 
kc- In the author’s earlier works, where elec- 
trons were excited with white light across the 
bandgap up into the conduction band after 
which they recombined with the impurity 
level, the absorption corresponding to 
transitions from the valence band to the im- 
purity level was recorded and an absorption 
decrease was obtained, corresponding to 
the direct tran.sitions (1) and (7). This was 
to be expected from the works of Pokrovskii 
et {il.[5] who have recorded recombination 
radiation due to electron transitions between 
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the conduction band minimum and the 
impurity level and have found that most 
transitions occur to states with ^ 0 in 

boron-doped samples when while light 
was used. They have also found transitions 
to states with other k values, especially in 
silicon doped with impurities with a larger 
ionization energy where direct transitions 
have been recorded. It follows from their 
measurements that such impurity slates 
exist. The present measurements support 
this last conclusion, In the present measure- 
ments. the main transitions seem to occur 
lo states with k = Av- This is a result of the 
method of excitation. In Fig. 3, the pene- 
trating radiation is plotted and it is seen that 
the active exerting lighl comes from the region 
just outside the band edge and that the 
intensity increa.ses toward lower energies 
and is large for a photon energy corresponding 
lo the direct transition between the impurity 
level and the conduction band. The intensity 
is relatively small for energies corresponding 
to the indirect transitions occurring between 
the impurity level and the conduction band 
with the emission of a phonon which is a more 
probable process than the absorption of a 
phonon at the temperature 95°K. Direct 
transitions are more probable than indirect 
transitions. Most active slates should there- 



v(cm-b 

Fig. 3 The intensity of the penetrating i.r. light as a 
function of the wave number 


fore be situated at k = kc if the lifetime of 
the bound boles is small compared with the 
time interval during which these holes 
preserve their k values. 

The curve in Fig. 2 shows that sharp in- 
creases are situated at about 0-105 and 
0143eV. The first ri.se may be due to in- 
direct transitions from the valence band to 
the most active states while the second may 
be due to indirect transitions from the band 
to the .same impurity states. From these 
measurements, it is possible to obtain the 
energy values of the participating phonons 
and the spin-orbit splitting Af. From the first 
rise, the expression 0'105 = 0-0464'^w is 
obtained and, from the second, 0143 = 
0-046 + + The value 0-046 is taken 

from earlier measurements of the ionization 
energy of the boron level. From the first 
expression we get, fm = 0*059 eV and. if 
this value is used in the second one, we find 
the value 0 038 eV for the spin-orbit splitting 
which agrees with our earlier determinations. 
A phonon with the energy 0-055 eV was also 
active in the recombination measurements of 
Pokrovskii et ai Macfarlane et al. studied 
the structure of the absorption edge in the 
temperature range 4’2°-4l5°K. In the whole 
range, a structure due to the emission of a 
phonon with the energy 0*058 eV was found. 
As in the present measurements, they could 
not find any structure due to absorption of 
this phonon at 90°K. Earlier measurements 
|2] at 330®K of the absorption corresponding 
to transitions of electrons from the boron 
level to the conduction band, i.e. direct 
measurements upon the type of transition 
which, in the present measurements, cor- 
responds to the photon energy of the exciting 
light, show that the same phonon participates 
in this indirect transition. At 330°K one 
may expect transitions with the absorption of 
a phonon to lake place to a large extent. From 
Figs. 10 and II in [2], it is seen that the 
absorption increase begins at 0-99 eV which 
gives the expression — Ef^-hco, where 
Ek is the energy difference between the 
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conduction band minimum and the impurity 
level. At 330°K, £jt=l’05eV. This gives 
Ao) == 0 06eV, a value in agreement with 
earlier determinations. 

The present measurements provide an addi- 
tional determination of the spin-orbit splitting 
in silicon[3] and also indicate that the boron 
hole states are spread to k values differing 
from zero. 

The measurements of Pokrovski! et aL[5\ 
also support this result. Their recombination 
curves show that the distribution of the 
density of states in k space is dependent upon 
the ionization energy which has also been 
indicated by theoretical treatment. The boron 
level, with its relatively small ionization 
energy, has the greatest density of states at 
k = 0 while the indium level, which has a 
larger ionization energy, seems to have a 
relatively greater density of states at A = 
These facts agree with both the present 
measurements and our earlier ones on boron- 
doped silicon. 

The absorption change corresponding to 
transitions (1) and (7) was dominant when 
using a phase shift of 90"" and with white 
light excitation since the density of states is 
greatest at k = Oand transition (2) is dominant. 
With the chopper in phase with the detector 
system, an absorption change corresponding 
to transitions (6) and (8) was obtained by 
exciting electrons from the impurity level to 
the conduction band with light which had a 
high intensity in the energy region, cor- 
responding to the energy gap for transition (5). 
The exciting light empties the level ofelectrons 
or fills it with holes. It is then possible for 
more electrons to be excited into the level 
(transitions (6) and (8)). There must be an 
increase in the hole density at A = if absorp- 
tion due to transitions (6) and (8) is to be 
dominant. Another condition for this type of 
absorption is that the time interval during 
which the bound holes preserve their A 
values is large compared with the lifetime of 
the holes. The present results indicate that 
this is so. 


Later measurements by Pokrovski! et al. 

[6] also point to the same conclusion. They 
gave curves for the recombination radiation 
due to electron transitions from the conduc- 
tion band to the boron level. The increase in 
the conduction electron density was brought 
about in two ways, viz. by exciting electrons 
across the band gap with white light and also 
by exciting electrons from the impurity level 
to the conduction band by penetrating i.r. 
light. The same ways of excitation were used 
in the present work. With white light they re- 
corded mainly the emission corresponding 
to the indirect transitions (2) with the emission 
of phonons with the energy 0 056 eV, viz. 
the very transitions which, in our measure- 
ments, were expected to cause the absorption 
change produced by illumination with while 
light (corresponding to transitions (1) and 

(7) ) which is recorded with the chopper 90° 
out of phase with the detector system. With 
weak penetrating infra-red radiation, they 
obtained an emission band at about a photon 
energy of I ■ 1 1 eV which seems to correspond 
to direct electron transitions (4) between the 
conduction band minimum and the impurity 
level. The presence of such recombination 
radiation indicates that most holes are ob- 
tained with A = kr and that the time interval 
during which these holes preserve their A 
values is large compared with the lifetime of 
the holes. This is in agreement with the results 
of the present measurements where the 
absorption change produced by illumination 
with i.r. light was recorded with the chopper 
in phase with the detector system. This 
absorption change, corresponding to the in- 
direct transitions (6) and (8), is considered 
to be due to the direct transitions (4) recorded 
by Pokrovskii. 

Absorption due to indium levels in silicon 
In indium-doped silicon, with the chopper 
90° out of phase with the detector system, the 
dominant absorption change produced by 
illumination corresponded to transitions (6) 
and (8) from the valence band to the impurity 
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level. It was produced by means of the excit- 
ing Jight which, by exciting electrons across 
the band gap. caused an increase of the elec- 
tron occupancy of the impurity JeveJ. This 
change was due to an increase in the number 
of transitions from the conduction band to 
the impurity level (transitions {4))[3]. 

The measurements on indium-doped silicon 
at 90°K gave a curve with two peaks, cf. 
Fig. 1 1 in[3]. This curve is actually a super- 
position of two absorption curves, one due 
to transitions of electrons from valence bands 
y, and 1)3 to the impurity level and the other 
due to transitions of electrons from the u.-} 
band to the impurity level. This curve is 
analogous to the one obtained for boron-doped 
silicon in the present work but the curves are 
obtained with different chopper phases and 
with different excitation techniques. While 
the curve for the indium-doped crystal was 
obtained with an excitation of electrons across 
the band gap and with the chopper W out of 
phase with the detector system, the curve for 
the boron-doped crystal was obtained with 
penetrating i.r. light and the chopper in phase 
with the detector system. That the curves are 
analogous is due, however, to the fact that the 
indium hole states are more widely spread 
in momentum space than the boron states. It 
was therefore possible to detect absorption 
corresponding to analogous transitions in 
boron-doped and indium-doped samples and, 
in this manner, obtain two sets of values for 
the participating phonons and for the spin- 
orbit splitting in silicon. In addition a value for 
the ionization energy of the indium levels 
could also be determined. 

In Fig. 1 1 of reference 13], two sharp rises 
can be seen. The first seems to be due to 
indirect transitions of electrons, under inter- 
action with phonons, from the valence bands 
Vi and V 2 to the impurity level. With the 
phonon energy determined in the present 
work (see above), one would expect this 
rise to occur at a photon energy of 0T6 
(ionization energy) T 0-06 (phonon energy) 
= 0-22eV which is approximately in agree- 


ment with measurements on the indium level. 
The second rise, corresponding to indirect 
transitions between the band and the im- 
purity level, should be situated at 0*16 
(ionization energy) + 0-06 (phonon energy) 
-h 0 04 (spin-orbit splitting) = 0-26 eV, approxi- 
mately in agreement with the measurements. 

Comparison between experimental measure- 
ments and a deduced theoretical curve for the 
absorption due to the boron level as a function 
of the exciting tight intensity 

The absorption corresponding to the in- 
direct transitions ( 6 ) and ( 8 ) was used to study 
further the transitions to and from the boron 
level. The level was emptied of electrons using 
light, the photon energy of which was equal 
to the energy difference between the conduc- 
tion band minimum and the boron level. The 
resulting absorption increase is a measure of 
the density change of the bound carriers. This 
change was consequently measured directly 
and corresponds to an equal increase in the 
electron density in the conduction band if 
the influence of the valence band can be 
neglected. This is the case when electrons 
with a larger probability make transitions to 
the impurity level rather than recombine with 
holes in the valence band or when the inten- 
sity of the exciting light is large so that the 
transitions between the impurity level and 
the conduction band are dominant. This 
method makes it possible to study transitions 
between acceptors and the conduction band 
more closely. 

If we neglect the influence of the valence 
band and assume the above-mentioned condi- 
tions. the following equation is valid. 



T = [r(2no+An)]*‘ 


where A « is the increase in the electron density 
in the conduction band due to the illumination, 
T the lifetime of the carriers, N the density 
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of the impurity centres, s the volume excita- 
tion rate, r a recombination constant and 
the density of the electrons in the conduction 
band without illumination. The steady state 
solution of this equation is 



andA« = K, 

K is the change, produced by the illumina- 
tion, of the absorption coefficient correspond- 
ing to transitions between the valence band 
and the impurity level and /ci, is a constant. If 
q is the number of incoming quanta per unit 
surface and unit time and / is the intensity 
of the exciting light, the relations q = k 2 ' I 
and f g are valid, kt and are constants. 
We then get s = k^' L where k^ is a constant. 
If the expressions for An and s are used in 


K 



Fig. 4. The change K in the absorption coefficient as a 
function of the exciting light intensity for a boron-doped 
crystal with the resistivity 1 -Zncm at 95‘‘K, The chopper 
was in phase with the detector system and the measure- 
ments were made at the wave number 1070 cm * cor- 
responding to the absorption peak. The points represent 
the experimental measurements and the solid line the 
theoretical curve. The absorption is due to indirect transi- 
tions between the valence band and the boron level. The 
Xenon light excites electrons from the level to the 
conduction band. 


equation ( 2 ), a relation of the following form 
is obtained. 

(a+j3/) + (3) 

where a, /3 and 7 are constants. By measuring 
^ as a function of /, the points in Fig. 4 are 
obtained from which it can be seen that the 
absorption change approaches saturation, 
when the light intensity increases, which 
means that the level has been entirely emptied 
of electrons. The constants a, jS and y were 
determined from three experimental points 
and the relation (3) was plotted (cf. Fig. 4). 
The agreement between the theoretical curve 
and the experimental points supports the 
interpretation made. 
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Fig. 5. The change X in the absorption coefficient 
produced by illumination as a function of wave number 
for two germanium crystals at 330®K; (a) a gold-doped 
crystal with the resistivity Sfiem The recorded absorp- 
tion is a superposition of the absorption due to transitions 
between the valence sub-bands and the absorption due to 
the gold level, (b) An intnnsic cryst^ 
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Fig. 6 KJK., a** a function of the wave number v at 
330‘’K A., and A'.> are the changes in the absorption 
coctficienl produced by illumination of a gold-doped 
and an intiinsic crystal respectively, 

Some measurements on ji^ermanium 
Mcdsuremenls on intrinsic and doped 
germanium were made in the present work to 
test the usefulness of the method on german- 
ium. Since the absorption corresponding to 
the interhand transitions in the valence band 
IS dominant in the wavelength region in- 
investigated, the conditions are different from 
those in silicon. Measurements were made 


with the chopper approximately in phase with 
the detector system on both intrinsic and gold- 
doped germanium. As can be seen from Fig. 5, 
the interband transitions are dominant but, 
in the gold-doped material an absorption 
due to the gold levels is distinguishable. In 
Fig. 6, the absorption of the gold-doped 
sample is plotted with the absorption of the 
intrinsic crystal as a reference. The curve 
represents the spectral distribution of the 
absorption due to a gold level. A sharp rise 
is seen at about 0'15eV. This value cor- 
responds to the ionization energy of a gold 
level. 

The crystals upon which the measurements 
were made had the same dimensions and the 
same surface treatment. The resistivity of 
the gold-doped crystals was 8flcm. 
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Abstract -A method of calculating electron or hole tiap parameter'' from the inflection points and 
maxima of thermoluminescent or conductivity glow curves is described. Fquations appropriate to 
simple theoretical models are discussed. Computer calculations arc described in which initial rise data 
IS used to calculate trap parameters from equations which are exact for a specific model. As a con- 


sequence, restrictions usually applied to initial 
gradients on glow curve analysis is discussed 

I. INTRODUCTION 

Since thh early work of Randall and Wilkins 
[1], and their associates a number of approxi- 
mate methods for calculating electron or hole 
trap energies, E, and frequency factors, </>, or 
velocity cross-section products, whichever is 
appropriate, from glow curves have been 
worked out. Usually these calculations utilize 
the temperature, corresponding to the 
maximum of the glow curve, the temperatures 
at half maximum, and the heating rate, /3, to 
derive E and (f> for some specific statistical 
model. Surprisingly, no one has considered 
using the inflection points of glow curves for 
such calculations. The temperatures for which 
the second derivative of a glow curve model is 
zero, together with and ^ can be used to 
obtain E from a transcendental equation. The 
value of (f> can then be gotten from the equa- 
tion provided by setting the first derivative 
equal to zeri at Equations appropriate t..' 
some simple models are discussed in this 
paper. In addition, the analysis of initial rise 
data is generalized to include a monomoiccu- r 
rise, and a bimolecular rise as well as the usual 
exponential rise. This does not reqio e 
additional labor if a computer is used in the 
analysis, and it may extend the range of usable 
data and generally improve confidence in 
calculated results. In the paper which follows 
this one, some simple energy band models 


rKf dala are reduced, I he effect of {cmperaiiirc 

having localized levels are discussed, and it is 
shown that several special cases lead to the 
forms for glow intensity, 7(7 ), used here. 

For convenience, the symbols to be used in 
what follows are defined at this point : 

= The subscripts * and / indicate a 
temperature dependent function 
is to be evaluated at the tempera- 
ture of maximum glow or at one 
of the two inflection tempera- 
tures respectively. 

fi ^ the initial density of trapped charge 
(set equal to one in calculated 
glow curves) 

s frequency factor which is deter- 
mined by trap escape frequen- 
cies, recombination probabilities 
or density of slates according to 
the requirements of a particular 
model 

P heal rate = constant isel equal to 
one in calculated glow' curves) 

E = the thermal activation energy fora 
trap 

k = Boltzman's constant 
T ^ temperature in degrees Kelvin 
a - Elk 
X ^ EIkT 

l(T) = the glow’ intensity as a function of 
temperature 
W = exp (-alT) 
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^ ihe tempcrafure at the glow peak 
maximum 

1\ = the temperature at a glow curve 
inflection point 

7, = the lower temperature inflection 
point 

T> ^ the higher temperature Inflection 
point 

Q ^ {TJT,)'^ 

T - exp(.Y^-A^,) 

h - /.[^drcxp(~o/7')//3 

// ^ /,ld7^Pexp(-«/7')/j3. 

The integrals represented by h and II occur 
in the glow intensity expressions given below. 
The lower limit of the integrals is set equal to 
zero. Integration by parts results in the 
asymptotic expansions: 

h ~ TuWIXp 
and 

H - TWUlafi 

with n - \-2IX-\-6IX— 2AIX\ and U- 
1 -4/T + 20/.V“- \20IX'\ The remaining terms 
of the series, which are truncated to give u or 
U, make negligible contributions for X > 10, 
a condition which holds for all cases of interest 
here. We also delinc for use below: 

u 2-//- l+2/A'~6/A'“-l-24/A'\ 

2 . INFLKC TION POINT MKTHOI) FORMIM KOR 
SIMI»LL MOUKL GLOW CLRVKS 

The formuli expressing the glow intensity 
/(7) in this section are special cases of 
statistical models which have been discussed 
in the literature and of those treated in the 
followang paper The parameters cf) and th 
which occur in the formuli are functions of the 
density of states, initial occupation numbers, 
transition probabilities or velocity cross- 
section products for a prescribed model. 4 he 
glow' intensity for the simple numomolectilar 
JonffT is 

tPqiJMtions (I) and (4) are jzivcn h> ('ijnc[2| Ipp 161. 
164) where ^ \ . ihc frequeney factor for a tiap /(7 ) is 
the number of phoions/scc produced at 7 . 


I{T)=fi(t>exp {-alT-<j>h(T)). (I) 

The parameters <j} and E satisfy the equations 
obtained by setting dZ/dT = Oand d^/fdT^ = 0 
at and T, respectively. Thus 

(XIWT), (2) 

and 

[-2X-hX'^^(l>WTp-^{(t>WTp-^-}X)l==Q, 

0 ) 

If <f>ip in equation (3) is replaced according to 
equation (2) one obtains 

l-2/Ar-3C7T+((77)^-0. (3') 

The emitted light intensity for the simple 
hinwlccularform is 

/(T)-/x0exp(-«/T)/[I4-<^/i(T)]2. (4) 

The derivative conditions provide that 

^ip^iXIWii'T),. (5) 

and 

[ -2A' + .V“ + 6T(/^-3r)]^-0 (6) 

with 

T- [cj>WTI{\^<j>h)l2l: 
or 

1 2IX,\-6R(R~\)^{) (6') 

with 

R ^ rQ\u'J \ ■^Tii,Qli4^)yK 

When the electronic transitions giving rise 
to glow curves pass through a native energy 
band of a crystal, the glow intensity may take 
the monomoleciilar form 

l{T) = iJL(\^rt\p[-alT-<PH(T)]. (7) 

where the additional temperature dependence 
arises from the r.m.s. velocity, v ^ Vf, and 
from the effective density of band states avail- 
able for occupation. Nr ^ 7''^[3]. The deriva- 
tive conditions provide that 
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(i>l^ = [(2^x)iwr],. 

and 

[2^2X + X'^^L[L-b-'iX)]i^^ 

with 

The himolecularform for N(>v oc 72 

/(7)-MCl)72exp(-a/7)/[l+(t)//(7)]2 

( 10 ) 

and the derivatives provide that 

( 11 ) 

with 

and 

[2 + 2X + X‘^-\-6D{D-2-X)]i = 0 ( 12 ) 

with 

/)- [1)7W/(l+^//)j3], 

As was the case with <f)lp, <I>/j3 can be replaced 
in equations ( 8 ) and (I I) to provide a single 
equation for the energy. 

Equations (3') and ( 6 'J can be written as 

kT/r, 

For equation (3'), 

^ = [3±(5-f8/3rj'^^]/2 

and with X^ — 25, which is a reasonable trial 
value for all E and A — 0-77 and 2*66 for 
7, and T 2 . respectively. For equation ( 6 '), 

A = Ru\I{]-Ri4,) 

with 

/?- [3T{3±l2/A'i)'^“]/6 

and with A', = 25. A = 0 24 and 3-43 for 7, 
and 7^, respectively. One or two iterative 
changes in X, provides an accurate value 
forE. 

3 . PROPERTIES OF MODEL GLOW CURVES 
The first attempt to lest equation (3') was 


( 8 ) made on the theoretical curves given by 
Randall and Wilkins [!]■ The results were 

(9) unsatisfactory. We then calculated I if) 
according to equation ( 1 ) using their values for 
£, </) and jS. It was found that the temperature 
values given on the abscissa of their Fig. 5, 
page 373, are shifted by 10 deg. The values of 
7* and TJudged from our curves when used 
in equations (2) and (3) gave values of E and</> 
in satisfactory agreement with those used in 
calculating the curves. 

Figures I and 2 show I{T) for the simple 
monomolecular and bimolecular forms, and 
the initial rise approximation to / ( 7 ) (defined 
in the next section) for three values of E. with 
</>“5-8x 10 ^/sec, and with I/cm^ and 
/3 ^ I°K/sec. Included in Fig. 2 is/( 7 ) for the 
monomolecular form when N,.v ^ 7^; the 
extra temperature dependence sharpens the 
peak somewhat, but the difference is rather 
insignificant. The curves broaden and de- 
crease in amplitude with increasing energy 
while maintaining constant area. The initial 
rise approximation begins to fail significantly 
at approximately 10 per cent of The 



Fig. I , I heoretical glow curves. /(7'). for monomoicculat 
(ind himoleculdi' forms where E = 0-2eV a[ the left and 
£* = 0*67eV :i[ the right, with - 5 8 x lO^Nec. - PK/ 
sec and ^ - 1 are shown by the solid curves. T he upper 
curves correspond to the momimolecular form and the 
lower curves to the himoleciilar form. The dashed curse 
IS the initial rise i^pproxi (nation for the same conditions 




1684 


P L LAND 



TEMP "K 

2 Theoretical glow /(7) Tor the simple inono- 
molcciilar and simple bi molecular forms wiihL— l-2eV, 
f/) = 5-8 ^ HV'/sec, - TK/sec and -- I /cm'* arc showm 
respectively by the upper and lower solid curves. 1 he 
dashed cuive is the initial rise approximation for the same 
conditions, The doited curve is the /(/) for the mono- 
molecular form with /\,r ^ / '^ when 1-2 and with 
chosen to be equal to that of the simple monomolecular 
form 

maxima, inflection points, 7]: and inten- 
sity ratios, for these curves are shown in 
Table 1. It is noteworthy that the 7,//^ values 
arc essentially independent of h for bolh the 
monomolecular and bimolecular forms. T he 
extra temperature dependence when N(-v ^ P 


has essentially no effect on the IJ/i^ values, 
but as will be seen the T, values are different 
enough to shift the calculated energy by a few 
per cent if the simple rather than the NeV ^ 
equations are used. 

Figure 3 shows how the characteristics of 
the simple glow curve forms depend on ^ with 
fixed £. It is seen that the values are 
nearly independent of <f> over a large range. It 
is also clear that the dependence of 7* on 
(equation (2) or (5)), if used to calculate E by 
changing j8 [4, {see Section 3. 1 ,3 of reference)], 
would require large changes for accurate 
results. Figure 4 shows how the values of E 
and (I) calculated from equations (2, 3, 5) and 
(6) depend on the 7) values when 7* is fixed. 
The uncertainty in 7^-7, is, of course, the 
major cause for uncertainty in calculated 
values, and this can be reduced by scale 
expansion during the experiment. 

In picking the temperature of inflection 
points, one is guided not only by the points at 
which curvature changes, but also by the 
conditions that the ////* values of the forms 
for 7(7 ) being considered are almost inde- 
pendent of E and (/), and that 7i and 7^ are 
symmetrically located about 7:^ as is evident 
from Table I and Fig. 3. T he appropriateness 
of an 7(7) form is tested by whether or not 
the E and (jj values calculated using 7i and 7^ 
arc consistent. 


Tahir 1. The maxima and points of inflection of I {T), and the intensity 
ratios for those 1{T) values, when = 5*8 X lifisec, for the simple f^dow 
curve models shown in Eit^cs. 1 and 2. Similar results are included for l(T) 
curves having the same 7^ when N(.v ^ 7^ 

h i\ i\ T, /,//, ijl /, /,//, 1,11^ 

Simple monomolecular Monomolecular with ^ 


0-20 

^1-2 

93-3 

lOJ-O 

0 687 

0-536 

93-6 

100-7 

0-688 

0-536 

0b7 

311 0 

299-3 

322-6 

0 688 

0-535 

300-1 

321-8 

0 689 

0-535 

1 20 

545 2 

52.5-1 

565-3 

0688 

0-534 

526-5 

563 9 

0-690 

0-534 




Simple bimolecular 


Bimolecular with N,.[; 

X r 

0 20 

96-9 

91-9 

101 8 

0 645 

0-687 

92 3 

101-4 

0'64fi 

0-689 

0 67 

310-2 

294 8 

325-2 

0 645 

0 687 

296-0 

324-2 

0-647 

0-688 

1-20 

543-9 

517-7 

569 7 

0-646 

0-686 

519-5 

568-0 

0-648 

0-687 
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Fig. T I'his figure shows the dependence of / T'l. 'A. 
/i//^ and /jj/A ^ curves are for 

the simple monomolecular form, equation (I), and the 
dashed curves are for the simple bimolecular form, 
equation (4). 



Fig, 4. The inner (outer) pair of solid curves show the 
dependence of E values on A and the inner (outer) pair 
of dashed curves show the dependence of (/> values on 
A when calculated from equations (2) and (3), mono- 
molecular form (equations (5) and (6), bimolecular form), 
values are chosen to suit the case £-0*67eV in 
Table 1. 


The inflection point method and the Initial 
rise method have been applied to a number of 
glow curves obtained from several crystals of 
Y^O.t and ThO^. In many cases the peaks are 
compound and the inflection point method 
fails. In some cases the inflection point method 
is self consislant and agrees with the initial 
rise method: Table 2 shows values of E and (}> 
for two of three major glow peaks from a 
crystal of Y 203 :Tb. The emission was 
characteristic of the ion in this sample 
whereas in undoped YjO^ the emission 
spectrum is a broad curve usually peaked near 
4400 A and known to contain emission from 
more than one recombination center. The 
values of E and for the peak at are 

consistant for the two methods when a mono- 
molecular form for /( 7) is assumed. The data 
is inconsistent for the glow peak at I57°K, but 
this peak is known to be complex from dosage 
studies. The temperature 7, and 7^ were 
obtained by picking points of the glow curves 
where had values as indicated at 

\Qg<f>= 10. (See Fig. 3). 

4. A GENERALIZED INITIAL RISE ANALYSIS 

The initial rise method of calculating 
energies utilizes the fact that l(T) is always 
approximately equal lo fi<f)C\p(-alT) at the 
leading edge of a glow curve. This method is 
limited because use of only the initial part of 
the glow curve rise is permitted [4. (see 
Section 3.2.1 of reference)] which may force 
one into the region where the uncertainty in 
background glow, /o. is important. Thai is. in 
the initial rise method one works with the 
equation 

EjkT = log (/( 7) -/()) 4- constant (13) 

and one is restricted to /(7) values much 
greater than the uncertainly in A- The first 
restriction is removed if one includes a correc- 
tion factor for an appropriate form for 7(7) 
in equation (13) and utilizes all of the rise of a 
glow curve with increasing temperature. Thus 
one obtains 
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r r- ^ fnr two plow ppoks in Y^O^iTb, 
Table 2. Data and calculated values ^ , ^ ^ A Seating ra^ TMl and 
r* is the temperature at the glow peak maximum a ^ _ n , 512 respectively. 

TM2 are the temperatures where IxU* = 0-6S5 and where /z//* _ (Fg-oc 

TBJ and TB2 are the temperatures where = 0'648 and where ^ r • l 
pec/ively. The initial rise values for E and (f> were calculated for a number of rises by 
the method described in Section 4, and the limits given represent the scatter in the 

calculated values 


r ^ 105-9'^k 

ja- 

0-627“K/sec 

T == 1570‘’K 


0-644“K/sec 


K 

f Og,o(/» 


E 

l-Og,fl ^ 

'IMI = U)2'7"K 

0-285 eV 

12-5 

TMl = I5I-7'’K 

0-380 eV 

11-2 

tm:= 109*1 

0-288 

12-9 

TM2= 163-3 

0-313 

9-0 

TBl - 102-2 

0-325 

14 4 

TBl = 151-2 

0-455 

13-3 

rB2- 108-6 

0-459 

21-1 

TB2 = 162-0 

0-525 

15-0 

Initial rise 

0-275 ±0-02 12 6±1 

Initial nsc 

0-44 ±0-03 

13-4±1 


£=-(;[ log + (14) 

v^here 

a -^/(1/7,-1/7'J 

and v\herc T„ is ihc higher temperalu re and 7 ,„ 
is the lower lemperaturc corresponding to the 
respective rneasuied light intensity values /„ 
and The correction factor. A,, is 

-Ihn) (1^^) 

for the simple inonomoicciilai form, and is 

A„m — 2 log I ( I -f- (/>//„ ) / ( I + {/;//,„ ) ] (16) 

for the simple himoleeular form. I he corrcc- 
tion factor is 

A 7/J- 2 log (f,/7,) (17) 

for (he monoinolecLilar model with N^v 7"^ 
and 

A- 2 log [7,(1 \ ( 18 ) 

for the binioiccular model with N^v ^ P. 
Note that (/) is different for the mo no mo locular 
and himoleeular forms, as is <1>. 

A computer is useful to initial rise calcula* 
lions, and if one is used, no additional labor is 


required by including the correction factor. 
Solving equation ( 1 4), together with an 
appropriate equation for A, by an iterative 
process, A^ ~ 0 E,, Aj, Aj etc., 

provides a condition where lEj-£j_,l < any 
practical value. The value of T ^ for the glow 
peak of interest is required for this calculation. 
One can, of course, retain the value of </> or<h 
from the final iteration, 

A program has been written which cal- 
culates E and ^ according to equation (14) 
where A ^ 0 and with A as given by equations 
(15) and (16). The calculations are done with 
both m = « — 1 and m — \. For each rise aver- 
age values of the parameters for a given 
curve are calculated.f The input data consists 
of thermocouple voltages and a voltage- 
temperature conversion table, the corre- 
sponding photomultiplier response values, 
time intervals, and the peak temperatures. The 
resulting calculated values of E and logcj) are 
inspected for consistency and the average 
values are plotted versus the maximum tem- 
perature attained during the rise. It is neces- 
sary to be cognizant of the order in which the 


f Reference is made here to a method used by Halperin 
el (il where a series of initial rise curves are generated by 
a series of heating and cooling cycles, such that the maxi- 
mum temperature attained is increased by some appro- 
priate amount in each successive cycle [5]. 
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initial rise data are taken and of the maximum 
temperature attained during each rise so that 
values affected by a peak lower, or higher, in 
temperature than the one being studied are 
properly understood. The peak temperature 
associated with a trap may shift upward with 
each successive rise if retrapping is significant; 
currently only one value for T per glow peak 
is used in the calculations so that the energies 
calculated from the final rises of a series may 
become erroneous because of the dependence 
of A on (see note at end). 

Before the current work was undertaken, a 
program to calculate energies from equation 
(14) with A = 0 only was used. The results 
oblained from the two programs are, for the 
most part, quite consistent; however, the out- 
put of the more recent program is more easily 
evaluated, scatter in the plotted results is 
reduced, and the confidence level is consider- 
ably improved. 

Figure 5 illustrates the effect of including 
the appropriate correction factor in initial 
rise calculations. Calculated values of l(T) 
for different models, with £' = 0*67eV, are 
used as input data for equation (14). The 
correction. A, is set equal to zero or calculated 
according to equation (15) or (16). Study of 
the figure confirms that setting A = 0, or use of 
an inappropriate A causes the calculated 
energy to begin diverging significantly from 
the correct value when 7(7')//^ - 0-1. The 
calculated values of (f> which diverge in a 
similar manner are not shown. Illustrated also 
is the fad that the A calculated for a simple 
monomolecular model, equation (15), when 
applied to/ (7) values calculated according to 
the monomolecular mode! with N^v ^ 
gives an energy which is too large by about 
6 percent. 

Limitations on the initial rise method have 
been discussed by Haake[6]. He concludes in 
his summary that values of £ obtained in this 
way are often dubious and that (/> values 
calculated from E and T^by using a simple 
monomolecular form are often loo inaccurate 
to be of any use. The following paper discusses 



Fig. 5 The solid (dashed) curves are the energy values 
calculated from equation ( 14) using /(T) values calculated 
for the simple monomolecular form, equation I (simple 
bimolecuiar form, equation (4)) with £ = 0-67eV. The 
label £ or £ 1 means that A is set equal to zero, M or B con- 
tained in a label means A is calculated according to equa- 
tion (15) or (!6). respectively Omission or inclusion of 
1 m a label means that n - \ or m = I . respectively. 
The dolled curve represents energy values calculated from 
equation (14) with A calculated according lo equation (15) 
when HT) values used are from the monomolecular form 
with NrV 7F equation (7). and with m = n-F 1‘he 
arrows labeled B and M mark the temperatures where 
=01 and the arrows labeled by 7^ indicate the 
temperature of the maxima of the I{ T) values. 

conditions where the initial rise method can be 
quite limited for simple models. If traps are 
initially filled and if the retrapping rate is high, 
then a simple analytical form does not apply, 
and one does not expect a unique parameter 
nor a unique relation between 7’* and £; 
however, with successive rises some traps 
empty and the glow curve tends toward a 
simple analytical form. Meanwhile the portion 
of the curve filled with reasonable accuracy 
by an exponential increases toward a limit of 
01 /^. 

As shown in the following paper, the initial 
part (this can, of course, be a very small part) 
of a glow curve for all models considered there 
can be fitted by a monomolecular or bimole- 
cular curve; however, the for such curves 
can be either greater or less than the 7* 
observed. In most cases to be expected experi- 
mentally, including overlapping peaks, the 
observed 7^ will be equal to or greater than 
the theoretical value, so that use of the 
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experimental 7* in the monomolecular rise 
analysis will lead to values of E within the 
range of values obtained by the exponential 
rise analysis, if shifts in T which may occur 
with successive rises are taken into account. 

The Author elected to refer to the method 
described here as a generalized initial rise 
analysis because the data from the initial part 
of a glow curve is analyzed in terms of an 
exponential, monomolecular or bi molecular 
curve. The analysis for the lowest data points 
yields essentially identical results for all cases, 
but when higher intensity data points are used 
there is a possibility of distinguishing the most 
appropriate fit of the three forms to the 
observed glow curve. 

5. APPLICABIIJTY OK THK ABOVE RKSILTS TO 
THERMALLY STIMLLATEl) CURRENT 
MEAvStfREMENTS 

Thermally Stimulated Current ( ISC) and 
thermoluminescence glow curves take the 
monomolecular form if ^ dn„/d/, where 
is the density of conduction electrons and 
is the density of filled recombination centers. 
This will be true if a constant fraction of the 
charges released from traps of one kind make 
luminescent transitions to empty recombina- 
tion centers and if the number of empty 
recombination centers remains approximately 
constant. Thus our equations apply directly to 
several published forms for I SC when (/> is 
defined appropriately. Nicholas and Woods 
have reviewed methods of calculating the 
parameters significant to a model from current 
glow curves, and have shown some of the 
theoretical TSC equations [4]. Their equations 
{5,6} and (8) correspond to the forms given 
here for / ( T ) when 0 is defined appropriately, 
except that their equations (.S) and (8) contain 
misprints. (The correct equations are given by 
Haering and Adams, equations (2.4) and (2. 1 0) 
[7]. Equation (6) given by Nicholas and Woods 
is said to be a TSC form for himolecular 
recombination, and it has the same form as 
equation (4). In the following paper (equation 
(25a)) it is shown that 


(t(T) « (\9) 

is a TSC form which corresponds to a bi- 
molecular form for thermoluminescence. The 
derivative conditions for equation (19) are 
given by equation (5) with replaced byl-u 
and by equation (6) with 6 replaced by 2. 

6. THE EFFECT OF TEMPERATURE GRADIENTS 
ON GLOW CURVE ANALYSIS 

It can be argued that, in the analysis of glow 
curves, the use of the inflection point formuli 
provides no advantage over those based on 
the temperatures at which the glow is one half 
the maximum. The percent uncertainly in the 
temperature difference between the maximum 
and the inflection points is greater than that for 
the half maximum points since the differences 
are smaller in the former case. And, each of 
these methods, as well as the initial rise 
method, is a two point fit to a theoretical curve 
which is usually assumed to have two fixed 
parameters. (The initial rise method, of course, 
uses several points in pairs.) 

On the other hand, it does seem desirable 
to have available several independent formuli 
providing two point fits for different parts of 
the same theoretical curve. The formuli 
presented here provide an essentially exact 
analysi.s for the assumed theoretical curves. 

I his is not true for the formuli based on the 
half maximum points. It is also thought that a 
small temperature gradient in a transparent 
specimen should introduce smaller errors in 
the energy and frequency factor if calculated 
according to the inflection point analysis in 
lieu of other methods. This is true for the 
following example in any case. 

The glow curves in Fig. 6 are based in the 
monomolecular form, and they were generated 
to correspond to situations where there is a 
linear temperature gradient between two 
surfaces, with a temperature difference AT, in 
a thermoluminescing transparent specimen, or 
in a specimen in which a current is being 
measured. It is assumed that there is no 
internal absorption. The temperatures on the 
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Fig. 6. These curves show ihc change from a simple mono- 
molecular form which occurs when a linear temperature gradient 
exists in a thermolumincscing specimen. The numbers at the 
upper right are the assumed values for the lemperalure differ- 
ence, aI. between opposing surfaces, and the arrows leading 
from the AT values indicate the temperature of the glow peak 
maximum The temperature values on the absissa arc those of 
the high temperature surface, Each dashed curve connects 
intensity values for a constant average specimen temperature 
I he inflection points and half maximum points are indicated 
by 7', and T,,!;- fespeclively 


abscissa of Fig. 6 are those corresponding to 
the high temperature surface of a specimen. 
The glow curves shift upward in temperature 
and broaden as AT increases. Each dashed 
curve connects intensity values for a constant 
average specimen temperature; they have a 
positive curvature below the inflection points, 
and as will be seen, this causes the energy 
values calculated by the initial rise method to 
be too high. The positions of the maxima, 
inflection points, and half maximum points 
are also indicated, and it can be seen that the 
change in temperature for these points 
becomes progressively larger as one moves 
from point to point along the curve in the 
direction of increasing temperature. The 
second inflection point changes by an amount 
approximately equal to the change for a 
constant average temperature. 

Figure 7 shows curves of the energy values 
calculated from the curves of Fig. 6 according 


to the usual initial rise analysis, and the 
monomolecular rise analysis. The calculations 
were done, as described in Chapter 4, (a) 
with the initial data point and all others, and 
(b) with neighboring data points, it can be seen 
that a temperature gradient increases the 
energy values calculated from the initial part 
of a glow curve. The energies calculated by 
the usual initial rise analysis fall off in the 
usual manner. The curves calculated according 
to the monomolecular rise analysis in Fig, 7(b) 
for the largest gradients would cross over the 
correct energy value if the curves were 
extended to T*, but the one for a AT of 6°K 
probably would not. 

Figure 8 shows the energy and frequency 
factor as calculated by various methods from 
the curves of Fig. 6. These values are plotted 
vs. AT. The energies calculated by the initial 
rise analysis are from the constant region and 
increase with increasing AT. The energies 
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Lig 7 \ ncrjjy values calculated from Ihecuives of Fig. 6. 
Ihe lower blanches ol the curves are calculated by the 
exponential rise analysis, and (he upper branches are 
Ctilculaled by the monomoleciilar rise analysis. The 
curves in 7(a) ate calculated by using the initial data point 
with all others, for each case, and those in 7(h) are 
calculated by using neighboring data points (See the 
caption of t ig. 5). 



} ig H, Fnergy and frequency factors calculated from the 
curves of h ig, 6 by various methods, 

calculated from half maximum temperatures 
are according to the formuli given by Luschik 
and Halperin, which use the upper, Tk^H), 
and lower, 1 1, half maximum temperature, 


respectively [8, 9]; 

Luschik; E = kTll[Tii2{2) - T^] 

Halperin; £ = 1-72 itn[l “5-16 kTJE]l 

The values of £ and tf) calculated by using the 
inflection point formuli are denoted by £^(1), 
£^(2 ), (/),( ] ) and </)j(2) where I and 2 refer to the 
first and second inflection point, respectively. 
The solid curves are values calculated by 
using the temperatures at the actual inflection 
points. The dashed curves are values cal- 
culated by assuming that the intensity at the 
first and second inflection points is given by 
0 * 685 / 5 ^ and 0^5341^, respectively, and then 
using the corresponding temperatures in the 
inflection point formula. (The factors multi- 
plying are obtained from Fig. 3, and the 
reason for using this approach should be clear 
from the remarks pertaining to Fig. 3 and 
Table 1. The actual values of /,//* are 0-67 
and 0'57 for the first and second inflection 
points, respectively, when AT = 2I°K). 

It seems clear that for small AT, the inflec- 
tion point analysis yields the best values for 
E and and that using the rule IJ ! = 0*685 
for the first inflection point, rather than relying 
solely on finding the point by the change in 
curvature, (ends to yield improved values. It 
is also clear that, for this example, the Luschik 
formula is a rather poor approximation, since 
for AT = 0 the calculated energy is in error 
by 7 per cent. 

It is interesting that the values of 0 in Fig. 8 
calculated by the monomolecular rise analysis 
are rather insensitive to a temperature 
gradient. This is true because the shift in peak 
temperature compensates for the change in 
calculated energy. Likewise, the fact that 
energy values for small AT tend to be high 
when calculated by methods using the half 
maximum of inflection point temperatures is a 
result of increasing in a range of AT where 
peak broadening ha.s a less effective tendency 
to decrease the calculated energy. 





TRAP PARAMETERS FROM THERMOLUMINESCENT 


The reason the inflection point analysis 
gives the best values for parameters when 
small temperature gradients are assumed for 
the example is that broadening is compen- 
sated by the shift in peak temperature. The 
broadening is never compensated by the shift 
in for calculations from points below the 
half width points. Broadening would be com- 
pensated best by calculations using and 
either of two points which move relatively 
(not necessarily absolutely) toward T* as the 
gradient increases. These optimum points 
move above the inflection points as the 
gradient increases. This behavior would occur 
for all monomolecularand bimolecular curves, 
of course. 

It seems reasonable to state that the ratio of 
AT/w, where w is the width of a glow peak at 
half maximum provides a good qualitative 
measure of the error introduced by a gradient. 
For the example discussed here w = 28°K, 
which suggests that the condition AT/w = 0-2 
would permit one to assume that errors due to 
gradients are less than 2 per cent for all 
analytical methods discussed. 

The methods of evaluating trap activation 
energy in terms of shifts in peak temperature 
which result from changes in heating rate may 
be compromised by the effects of temperature 
gradients [4, 10]. Certainly, if the specimen 
being studied is transparent and sufficiently 
thick, the increase in temperature gradient 
accompanying an increase in heating rale 
tends to cause a larger increase in peak 
temperature than a simple analysis assumes. 
Substantial changes in healing rate are re- 
quired in this method as can be seen from 
equation (2) and Fig. 3. 

The effect of interference from a glow peak 
higher in temperature than one being analyzed 
is similar to that of a gradient, in that energies 
calculated by an initial rise analysis, in the 
constant region, tend to be too high. When a 
series of initial rise curves are generated as 
described in the footnote of Chapter 4, the 
charge in the trap responsible for the lowest 
existing glow peak is decayed most effectively. 


}69] 

If the peak temperature of the glow for that 
trap changes, it will most likely shift upward. 
(See the following paper). Thus the reduction 
in magnitude, and possible shift both tend to 
increase the relative effect of a neighboring 
high temperature peak. Therefore, it can be 
expected that plots of energy vs. the maxi- 
mum temperature attained during the succes- 
sive rises will contain values which are 
higher than that appropriate to either trap, 
whenever the trap associated with the lower 
peak is in some intermediate state of decay. 
When properly understood, such points can 
be discounted. 


7. DISCUSSION 

Fialperin and Braner have pointed out that 
neutrality conditions should be expressed as 
A«rt = AAi„ where is the density of filled 
traps and tin is the density of empty recom- 
bination centers, instead of as as has 

frequently been done [8]. They obtain formuli 
for trap energies for models where the ratios 
of parameters are changed in various ways, 
but they did not discuss the forms of 1(T) in 
detail nor the meanings of (f>. The following 
paper does this, and discusses the conditions 
for which the simple monomolecular and 
bimolecular forms may be expected to occur. 

Obviously the inflection points and maxima 
are universally applicable in the analysis of 
glow curves. For the forms discussed here, 
there are only two independent parameters 
so that the pairs of values and Ti:,T. 
should yield consistent values for E and (f> if 
the form used correctly describes a glow 
curve. Naturally it is desirable to clean the low 
temperature side of glow curves analyzed in 
this way. 

The inflection point method, like half-width 
methods, will most likely yield energies 
which are too low when glow peaks are 
superimposed, We conclude that self consis- 
tency of values obtained by the inflection point 
method together with agreement with results 
of an initial rise analysis is good evidence of an 
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elemental glow curve, i.e. a single trap and a 
single or effective single recombination center. 
There are, of course, other meanvS of deter- 
mining whether or not a glow curve is ele- 
mental. For example: Is the emission spec- 
trum constant throughout the glow? Do 
decayed curves and undecayed curves with 
approximately equal areas have the same 
value for ? Does change when curves of 
equal area are produced by excitation with 
different wavelengths? 

One could easily calculate tables of E and 0 
vs. and Ty forgiven l(T); this is not deemed 
necessary because with the general availability 
of computers the solutions are easily obtained. 
We will, of course, gladly share our IBM 
Fortran programs. 

The analytical methods described have been 
applied to glow curves obtained from Y 2 O;, 
and 'FhO^. As was pointed out earlier the 
generalized initial rise method does provide 
some improvement over the usual method. 
For one thing it removes the much discussed 
limitation of the upper limit of 7(7) values 
which one may include in a calculation. 

In conclusion we add the somewhat un- 
related remark that hyperbolic heal rales are 
undesirabe. This kind of heating has been 
used and is still being used because it simpli- 
hes the integrals contained in expressions for 
7(7)1 1 1). A linear heat rale can be maintained 
over a wider range and is more easily repro- 
duced; and the integrals actually present little 
difficulty. 

.'ti - The .lufhor wishes u> acknowledge 

that this and the following paper were substantially 
improved as a icsult ol the referee's criticisms 
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added in proof. The following paper discusses 
possible changes in peak temperature and shape as a 
glow peak is decayed If a specimen is quenched im- 
mediately after a TL glow curve reaches the second half 
width point, the density of trapped charge decays by 
about a factor of 10. In some cases several decades are 
available, and the data provides for a study of vs. p 
and for a comparison of E and values calculated by 
the different methods. If the glow is due to a single 
trap species, then the E and calculated according to 
different methods for an appropriate model should tend 
to converge. The values calculated from half width for- 
muli should not agree exactly with those calculated by 
other methods since they are approximations. A lest of 
the formuli of Halperin et. a/, [8,p. 417i using the first 
half width points from curves generated with £ = 02. 
0*67 and l-2eV, each with 4) = 0-58 x 10‘“/sec yielded 
£ equal to 0 204. 0*689 and 1-23 eV for the mono- 
molecular formula and 0- 189, 0-640 and 1- !6eV, respec- 
tively for the bimolecular formula. For curves generaled 
with </j = 10’ and lO'^sec, each with £ = 0*67eV. the 
£ values calculated were 0*628 and 0-7l2eV for the 
monomolecular and 0*545 and 0*679 eV for the bi- 
molecular formula, respectively. Thus the half width 
formuli can yield values having significant error m 
£ and. of course, in^). 
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Abstract- Equations for thermoluminescence and thermally stimulated currents are derived for 
simple models where transitions are strictly localized, where transitions are via a band; and where 
transitions are by overlap transfer. Analytical expressions for l(T) and <r(7) follow from assumptions 
about the relative densities of trapping states, filled trapping states, and empty recombination states; 
and from assumptions about the relative values of the different transition probabilities. The charac- 
teristics of glow curves are discussed in terms of relative values of the density and transition probability 
parameters. The models treated can be distinguished by variation of defect densities, ll is shown that 
it is frequently possible to use experimental conditions for which the glow will have an analytical 
form, when the models discussed here are appropriate. 


1. INTRODUCTION 

The preceding paper describes a new method 
of calculating energy and frequency factors 
or velocity cross-section products from 
thermoluminescent and conductivity glow 
curves. In the course of showing that the 
forms used for thermoluminescence (TL) 
and thermally stimulated current (TSC) in 
that study are appropriate to most of the 
special cases appearing in the literature, the 
author concluded that it would be worthwhile 
to further generalize the previously recorded 
results, and to demonstrate that the simple 
analytical forms should frequently apply to 
glow curves describable in terms of simple 
models. The models and neutrality conditions 
used are essentially those used by Halperin 
and Braner who provide formuli for calculating 
the thermal energy, £, according to the 
maximum temperature and half width of the 
low temperature side of a glow curve 11]. 
However, here the overlap transfer model 
is generalized, and the emphasis is shifted 
more toward the form of the glow curves and 
the interpretation of the frequency factor, <^, 
instead of toward a method of deriving the 
trap activation energy. The band model dis- 


cussed here is the same as that used by Dussel 
and Bube in discussing TSC [2]. The formula- 
tion used here, like that of Halperin and 
Braner, is less restrictive, however, in that 
it permits consideration of the possibility 
that the number of trapped charges may 
exceed the number of ‘active' recombination 
centers, a situation which could occur as a 
result of the existence of some other ‘inactive’ 
recombination centers having a relatively very 
small cross-section. 

The models treated describe strictly 
localized transitions, transitions via a band, 
and direct transfer transitions, and it is under- 
stood that transitions may involve undefined 
intermediate stales. In obtaining solutions to 
the sets of equations involving time deriva- 
tives of occupation numbers, it is assumed 
that heating is linear, from an initial value of 
approximately (TK, and that secular equili- 
brium exists between a trap being thermally 
activated and its excited slate. In addition, 
it is assumed that electrons rather than holes 
are involved in the thermally stimulated 
transitions, but the results are, of course, 
applicable to hole models. The notation for 
occupation numbers; and used 
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because electron traps may be donor states, 
recombination centers may be acceptor states, 
and the excited states may be in a conduction 
band. For convenience the symbols to be used 
in what follows are defined here: 

ftff ^ density of filled traps 
n,. ^ density of electrons in a band 
Ha ^ density of filled recombination 
centers 

Nff ^ density of trapping states 
A/, ^ density of band states 
N„ initial density of unoccupied recom- 
bination centers 

tn initial density of filled traps 
fi - smaller of N„i\r\dm 
p ^ larger of /V,/ and /?; 

E the thermal activation energy for a 
trapped electron 
k Bollzman’s constant 
T - temperature in degrees Kelvin 

T ^ rate of heating = constant 
/ " lime in sec 

W exp {-ElkT) 

h - j[WiiTII3 

y and ,s arc transition probabilities per unit 
time, and describe transitions between a 
Irap and its excited stale 
p and i{ are transition probabilities per unit 
time, and they describe transition rates 
from an excited state of a trap to a recom- 
bination slate, by radiative and non-radia- 
tivc transitions respectively 
y\ /)' and q' are quantities having units 
of (time X density) ' and can be regarded as 
a velocity limes a cross section for recom- 
bination. They describe transitions analog- 
ous to those for the unprimed variables 
except that the excited state involved is not 
associated with the defect giving rise to the 
(rapping stale 

c/) is a function of some of the parameters: 
N,., f}L s. />. (/, s\p' and cf' 

V ^ expi-#) 

U ^ f/) a monomolecular glow curve 


B ^ 4,fV(l + a bimolecular TL glow 

curve 

= a temperature at which a maximum in a 

glow curve occurs. 

2. MODEL FOR LOCAI.IZED TRANSITIONS 
It is assumed here that all charge transfer 
takes place within centers of one kind, each 
having one trapping state, one excited state 
and one recombination state; i.e. no transfer 
of charge among separate centers can occur. 
The time derivatives of the occupation 
numbers are 


h„ = + sn. 

(1) 

n,~ = yn,,-{s+p)nr 

(2) 

n„ -= pn,.. 

(3) 

F.qualions ( 1-3) satisfy 


n„i-n^ + n„ = m. 

(4) 

In equation (2) is assumed to be small com- 
pared to Ihe individual lerms on the right 
hand side, so that for all times 

"r S' >uyl{s + p). 

(5) 

According to (he principle of detailed balance 
and the assumption that y contains a Bolt/man 
factor 


(6) 

It is consistanl with the preceding assumption 
that 

= m - 

(7) 

Fquations (3-6) result in 


n„ = plm-n„}y/{s + p). 

(8) 

When l.i = f = constant. 


l(T)=mU 

(9) 
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where 


0 - psl{s~^p). 


It is seen that 0 is less than the smaller of .y 
orp. 

Ifthere are several trapping states associated 
with a center and both radiative and non- 
radiative transitions are allowed for a re- 
combination state then 


!(T) = 


psm 

s^p^q+R 


Q\p{~Elkr-<t>h) 


(10) 


with 


0 = .y (p H- (y -f /? )/(.v + p + ^ ) 

where R represents the sum of the transition 
probabilities per unit time from the excited 
state of the trap being thermally activated to 
all other traps which would cause glow curves 
at higher temperatures. If one excited state 
is common to all traps, then R would be a sum 
over .y values for these other traps if the s 
values are independent of temperature. 

One could consider the case of localized 
transitions within a doubly charged center. 
There are ten charge configurations for two 
trapping states, one excited slate and two 
recombination states. The occupation number 
time derivatives for this case would be linear 
and appropriate simplification would reduce 
this case to the singly charged defect case. 

3. A MODEL WHERE ELECTRONS PASS THROUGH 
A CONDUCTION OR AN IMPURITY BAND 

The glow curve equations derived in 
Sections 1-7 of this Chapter arc based on 
the assumption that only one trapping stale, 
one band and one recombination state of a 
kind are active, i.e. have changing occupation 
numbers, and that there are no non-radiative 
recombinations. Of course, this does not 
imply that ~ m since the active trap may 
have received charge from centers other than 
an active one or an active center may have 
provided charge during excitation from traps 


other than an active one. The density of band 
states available and the parameters governing 
transition rates from the band are treated 
as constants, which is appropriate for narrow 
bands. If it is desirable to include the tempera- 
ture dependencies for the effective density of 
band slates available for occupation [3], 
Nc ^ and for the r.m.s. electron velocity, 
u ^ Vt, only minor modifications of the final 
forms are required, and they are discussed al 
the end of this section. 

It IS assumed that = 0 initially, since 
filled recombination centers arc inactive, 
and that n,, ^ 0 initially. The lime derivatives 
of the occupation numbers are 

( A/, - «, ) T .T ( ) Hr (II) 

rir = y'n,j{Nr-nr) - 

+p'{N,t~nfj}]nc ( 12 ) 

( 13 ) 

Since Nr-n^ is replaced by in 

equations (II) and (12). The time derivatives, 
together with the assumed initial conditions, 
provide that 


= m. (14) 

As before, u,. is assumed to be much smaller 
than the individual terms on the right side of 
equation (12); hence 


nr = y’N,nal[s'(N^-iU) 4 -pTvVa'-«J] ( 1 -^) 


According to the principle of detailed balance 
and the assumption that y' contains a Bollz- 
man factor 


The further assumption that 

n,i - m-Ho 


provides that 


p'y'Nr 


5 -P 


riaEG 


(16) 


( 17 ) 


( 18 ) 
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The logterm can be neglected when|m/C| 1; 
then 


Integration of equation ( 1 8) gives 


-we 1 


mIC r’ 




NrPY ^T 

y-p' 


J = (/V„ + G)/(N,, -- w) 


</> = niN.p'INri. 

4. When s' > p' and w or when 

> ,v', or more specifically when pl\p-\- 
G I > 0*1, then the initial part of a glow curve, 
perhaps only a very small fraction, can be 
represented by 


“(W-hG)/(jV,;- w), 


1. If Nf, > w. the first factor in equation 
(19) may be set equal to unity. Then one 
obtains 

r m{s' — p')vy^ 
liT) - n,^mU l--7VrT^ 

L s Nfii-p iVJ 


a'NcP's' 

s' iN,r-m)+p'N„ 

while the final part of the glow curve is given 
by the appropriate foregoing equation. The 
initial and final values of 0 satisfy 


(h ^ N„N,p'yi{s'N,ii^p'Nn). ( 21 ) 

This result will fail only if s' ■ p' when 

m N,f. 

2. ifw iV„. the second factor of equation 
(19) may be set equal to unity. Then one 
obtains 

l(T) ----N,y\ 1 ' ( 22 ) 

s ( A/fi — /n + /V„)_ 


Wyv,.p7l/V,/ -W'f /VJ. (23) 

1'his result will fail if a' p' when rn — > A^,/. 
It will also fail when/?' is sutficiently large. 

3. Ifw^^ /V„,asoliJtionofequation(l8)is 

log,, ( I “ nJm) + CI{in - n„)~Clm 

- Nrp's'hlis' ~p') (24) 


— G/(/xTG). (28) 

When p' is sufilciently large the glow, /(T), 
is given by mU with <f) — NfS'\ If w > N„, 
this curve is cut otf when 

[ l(T)dTlfi = N„. (29) 

When s' p' and w N,,. then G 0 and 
equation (26) holds approximately only when 
fin < 0 I G. In this case it can be seen that 
for lO G < w, < 0‘ I /X an approximate solu- 
tionofequution(l8)is 

na‘ = p(l)h 


il) dip'll' Nr. 

Utilizing the expansion of h given in the intro- 
duction of the preceding paper it is seen that 


C ^ ni^G^s'NJ{s'~p'). 


I(T) xexp(£/2)t7’)/T. 
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However for / (I) to have this form requires 
that Gift < 0‘01 or that mlNa > 0-99 which 
is an unlikely situation. Thus log/ vs. 1/7 
will have a slope between Elk and EI2k when 

< 0*1 ^ as discussed by Braunlich[4]. 

5. Up to this point only luminescence glow 
curves have been discussed. The TSC curves 
(r{7) can be derived from equation (13) by 
using the solutions for Thus when ^ m, 
one obtains 


(t(T) « nr = hJp'Na (20a) 

corresponding to equation (20); and when 
m Nn one obtains 


(r(T} ^ nr 


NrtnW 

iNd-m + N,,) 


X 




(22a) 


corresponding to equation (22); and when 
m = N,, 


(t(T) ^ nr = ■ 


NrmW 


1 -- 


m/C 




(25a) 


where (f) and C are defined as in equation (25). 
It is easily seen that the peak value of o-(7) 
shifts from coincidence with /(7) when N,, > 
m : to a difference predicted by 


ditions where the simple analytical forms 
don’t apply. The dependence of peak tempera- 
tures for decayed traps, or for a reduction in 
dose are studied. A decayed trap results if 
the irradiated specimen has been previously 
preheated to a temperature which permitted 
some of the initially trapped charge to escape. 
For the model under consideration, the charge 
which escapes must go to the recombination 
centers: One can, however, use the results 
in thinking about a more general model. In 
considering the effect of a reduced radiation 
dose (all traps being initially empty for each 
irradiation) it is assumed that N„ ^ m. This 
is a reasonable assumption and appears to 
occur rather frequently if is considered 
to be proportional to the total integrated TL 
intensity and if m is considered to be pro- 
portional to the integrated TL intensity from 
the glow peak being studied. There are, of 
course, many examples where the total glow 
and the glow from a single peak show different 
dependences on radiation dose. These pos- 
sibilities will be discussed. 

Decayed TL curves are obtained here by 
reducing rn by a factor 10'^ when N„ ^ m. 
Thus 


mix) = 10 ^w(O) 

^«(x)=M.(0)-/7i(0)[l-i0'^] 
/V,(x) = Nrf(0). 


ElkTl = eif)Wip(\^<f>h) 

where W and // are functions of 7* and E, and 
where € = 1 for TSC and € = 2 for 77, when 
m = A/„, and mlC 1 ; and finally to a case 
where /(7) is monomolecular while <t{T) is 
an exponential function (no peak) for the case 
m > N(j. As before, the restrictions /a/lju.'l- 
G| 0- 1 apply to the results in this section. 

6. In this section, numerical solutions of 
equation ( 1 8) with equations ( 1 9) or (24) will 
be discussed. The solutions for TSC are 
obtained at the same time by using equation 
(13). The purpose here is to illustrate the shape 
and characteristic of glow curves under con- 


When Na ^ m, /V„ is reduced by a factor of 
10 ^ so that m and A,, min the above 
equations. A reduction in dose by a factor 
of 10“^, with the assumption m ^ N„ is given 
by 

/n(x) = I0“^w(0) 

N«(x) = 10-^iV,(0) 

/Vrf(x) = N.(0). 

In the actual calculations it was convenient 
to keep w(x) = m(0) - 1/cm'L which only 
required multiplying through the above equa- 
tions by l/m(x)* The condition A(rf(0) = 
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m{0) is used throughout this section, but the 
effect of having /V^iO) > m{0) will be dis- 
cussed. 

Inall calculations £■ = ()'67 eV and/3 = I°K/ 
sec. The calculations used in generating Fig. 1 
used s'Nr= lO'Vsec, so that when the ratio 
p'Is’ was changed it was changed by changing 
p\ For all other figures of this section, = 
l()“Vsec, and the ratio p’j.s' is changed by 
changing .s'. 

Figure 1 shows how the characteristics of 
glow curves depend on the various para- 



big. I 'I L (soliJ) und t'SC (dashed) eurves for in 
/. - l)67cV, (S~ TK/see and .C/V, or equal t0'7scc. 
C urves I and are for N„ and ()' P s'. Curves 2 
and 2„ are for N„ ^ m --- /V,, and ///v' = 10. C urves 3 and 
3„ i»re the monomolecular form with /V„ P w and if) — 
|0"7sec. Curves 4 and 4„ are the bimolecular forms 
(cqualioms (2*5) and (2.^a)) for /V'„ ^ and p' s'. 

C'urves .*! and 5„ are for N^t and ///\' - O’l 

The initial response of all curves is equal since the values 
of and n, are plotted 


meters. Since w is defined to be //cm^, all 
TL curves have unit area, excepting number 
I which is cut off to simulate a case where 
<1 m and p' > s' (equation (29)). The 
areas under TSC curves are, of course, pro- 
portional to m only when the curves are mono- 
molecular. The monomolecular and bimole- 
cular forms are calculated with (f) = 10‘®/sec, 
and the other curves are calculated with 
s'Nf = 10^^/sec; thus the initial part is the 
same for all curves. Some general features 
which can be seen from the figure and the 
foregoing equations are: (a) the initial rise 
of ail glow curves is less than or equal to that 
of an exponential, (b) If p' > .v', Tl. and 
TSC curve shapes vary between tho.se in- 
dicated by 1 and 4 or by b, and 4^,, respectively 
for all values of Njni. The approach to 4 or 
4,, occurs when // .s' and N ni. The 

extreme cases I and b, occur when p' (s' -> » 
and m. (c) If .s' ~ p' glow curves vary, 
as (he ratio N„lm decreases, from the mono- 
molecular form, through the bimolecular 
forms (curves 4 and 4(a)) and back to a 
monomolecular form. The values of (fj, of 
course, decreases for each successive form. 

(d) If .s' > //. ri. and I SC curves will main- 
tain an initial rise less than that of curves 3 
and 3^. respectively for all values of NJm. 

(e) If N„ m the TSC curves are mono- 
tonically increasing with increasing tempera- 
ture. (f ) Increasing// sharpens all glow curves, 
and shifts maxima downward. Decreasing /?' 
has the opposite effect. If the figure were more 
detailed it would be more apparent that curve 
2 crosses over curve 3 once below the maxi- 
mum and twice above the maximum. With 
sufficient further increase in p\ curve 2 would 
peak before crossing over curve 3 and would 
cross over only one time. 

Figures 2-5 and fable I show the results 
of a numerical calculation using equations 
{ 18) and (24). The condition m ~ = l/cmb 

yields normalized TI. curves. 7'he value of 
/>W,. = lO’Vsec is used in all cases because 
the curves for decayed peaks or for reduced 
dose become independent of .vb The cquiva- 
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J ig 4 '1 1_ inleriMty vs tcmpcuituie for the conditions 
ph’ - 100, with I/cm\ L -0h7eV, p'N, - 

10’7sec, li~ TK/sec, iind iWJni - I. 10, 100 and l()00 
as mdicaled The arrows indicate the first moment of 
each curve 

lent of a rcduelion tn the value of' ftt and N„ 
is obtained by increasing A/,/. 

f igure 2 illustrates how the condition m = 
Na " yields \ L curves which lend toward 
a mono molecular, a bimolecular, or a broad 
curve which cannot he expressed in a simple 
analytical form, respectively for conditions 
// s\p' = .s', or// .s'. Thus the curve for 
p’Ls' “ UK) has the general appearance of a 
monomolecular curve, and Table I shows that 
the low temperature side of the curve is tend- 
ing toward that of a monomolecular curve with 
log(/) = 8. I he curve for/?'/.s' = 1 is, of course, 
bimolecular with logr/)= 10. Figures 3 and 4 
illustrate that when m = N„ the luminescence 
curves approach a bimolecular form (with 
Iog0 = 7 in the examples) as NJm increases, 
for all values of p’is' . It is interesting that 
the difference between the first moments and 



l-ig, 5. The dependence of 'TL and TSC peak tempera- 
lures for a decayed trap or reduced dose when m(0) = 
/V,.(0) = /V,(0J 


the temperature of maximum glow' increases 
for each example as the bimolecular form is 
approached. The change in curve amplitudes 
is not uniform for Figs. 2 and 3 because in 
some cases there is a competition between the 
trend toward a characteristic shape and the 
broadening which is associated with peaks 
occurring at the higher temperatures. 

Figure 3 shows how TL and TSC peak 
temperatures shift as the amount of trapped 
charge is reduced by decay or by a reduction 
in dose {equivalent conditions for m = /V„) 
from the condition w(0) = /V^iO) = 

When p' > s' the initial shift is zero for both 
TT. and TSC. When s' ^ p' the initial TL 
peak temperature shift is approximately linear 
with initial TSC shift occurs more 

slowly. When x htts increased sufficiently the 
shifts in peak temperature are described by 
the bimolecular forms (equation (25) and 
(25a)) and are thus independent of s'. Jt is 
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Table 1. This table shows how the characteristics of the curves in Figs. 2-4 vary with 
p'Is' and Ndlm. T* andU are the temperature of maximum glow and the maximum glow 
respectively. T is the temperature at which n^^ = 0*5 m. A/ is the percent deviation from 
l(T} of an exponential rise calculated using equation ( 18) with = 0 when l(T) - IJW. 

and T.^ are respectively the first and second inflection points of a curve, and /, and li 
are the corresponding intensities. The characteristics of the monomolecular and hi- 
molecular curves calculated with E = 0-67 and — \ are given to illustrate the approach 
of curve characteristics to those of a bimolecular curve as NJm increases, or to those of 
a monomolecular curve as p' Is' 100 


NJm 

pis' 

T. 


T 

A/ 

r, 

/.//* 

Ti 

Ul. 

1 

0010 

293-8 

15-10 

293'2 

) 50-00 

269-2 

0-63 

318-7 

0-60 

I 

0100 

293-7 

16-42 

295- 1 

14*56 

267-7 

0-56 

316-2 

0-62 

1 

1000 

303-7 

22-50 

305-7 

4*08 

289-7 

0*65 

3197 

0-68 

1 

10 000 

331-7 

25-80 

329-4 

2-85 

318-0 

0-67 

345-0 

0-59 

1 

lOOlXX) 

365-5 

23-07 

361-3 

2-92 

349-5 

0-68 

380-7 

0-58 

10 

0010 

330-0 

18-80 

m-1 

4-14 

312-5 

0-63 

348-7 

0*66 

100 

0010 

365-0 

15-82 

366-9 

3-94 

343-2 

0-63 

385-2 

0-67 

1000 

0010 

404-0 

12-98 

407-4 

3-78 

378-0 

0-64 

430-0 

0-69 

10 

100 000 

366*5 

21-45 

363*2 

295 

348-7 

0-66 

381-2 

0*62 

100 

100 000 

375-0 

17-00 

375-5 

3-32 

355-0 

0-65 

393-5 

0-65 

1000 

100 000 

405 0 

13-11 

408*4 

3-67 

380-0 

0-64 

428-7 

0;68 

Monomolecular log<^=^ 

8,T,= 

366-2 


2-98 


0*683 


0-536 

Bimolecular Iog<^>=? 

7,r,= 

404-0 


3*75 


0-640 


0*692 


interesting that the 7*(TSC) for flis' = 1 
crosses over the curves for p'Is' equal 0-1 
or 0-01. This is related to the fact that 7^(TL) 
approaches a minimum value as s' increases 
with p' fixed and with m = Na~ 

Figures 6 and 7 show that when Na(0) ^ 
Aw(0) all peak temperatures shift upward with 
increasing Xy with exception of the decayed 
TSC with p' > s' which permits a decrease 
for small x- The decayed curves approach 
a monomolecular form with <^;= constant, 
(equation (20) or (20a)). The reduced dose 
curves approach a bimolecular form (equation 
(25) or (25a)) if m = or a monomolecular 
form if Nfi> m. A comparison of Figs. 6 and 
7 illustrates the convergence of TL and TSC 
peaks as N«(0)/m(0) increases: for a ratio 
greater than 10 the TL and TSC curves are 
essentially identical, and monomolecular with 
<f> given by equation (2 1 ). 

Figure 8 shows in more detail the behavior 
of TSC curves which show a negative shift 
in peak temperature. Part (a) shows that when 


iVo(0/ ^w(O) and p' > s\ decayed TSC 
peaks shift downward and become constant 
and equal to the TL peak temperatures. For 
the reduced dose case, the TL and TSC peaks 
are constant until x ^ where they start 
to shift upward. Part (b) and (c) are for p' I s' = 
10^ Part (b) shows that even when p'Is' is 
very large, N„(0)/w(0) must be close to unity 
before negative shifts in T*((r) occur. The 
dependence of n^x)* plotted to show that 
decaying a saturated trap which permits 
downward shifts in temperature for TSC does 
not decay the TSC peak magnitude much 
initially. When x is sufficiently large the slope 
of log(fio)^ vs. X is minus one. The cor- 
responding slope for TL magnitude is minus 
one at all times. This behavior can be under- 
stood by studying w(x)/N„(x) with increasing 
X* The limiting behavior of the TSC with 
increasing x in equation (20a). where 

(t{T) ^ m{x)INn(x)- Part (c) simply shows 
the fraction of initially trapped charge which 
has recombined when a TSC peak occurs. 
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J-ig. 6. f'hc dependence of TL and TSC peak tempera- 
tures for a decayed trap and a reduced dose when u/(()) ~ 
- A^,(0)/l-001. 



Fig 7. 1 he dependence of TL and ISC peak tempera-' 
lures for a decayed trap and a reduced dose when 
m{0) - N,,m = N„m!^ 



Fig. 8. Some characteristics of TL and TSC peak tem- 
peratures when /n(0) ~ /V,i(0) < N„{i)) and when 
p’ " C, 1'hc Tl. peak temperature, not shown m part ‘b’, 
IS 70T5"K for all cases. 

When ///a' — ](F and — l OOl. more 
than 99 per cent of the charge has recombined 
when the 1'S(' peaks. The results shown in 
this and Ihe preceding figures do not agree 
with the conclusions of Dussel and Bube 
concerning the conditions for which negative 
shifts in TSC peaks arc most likely to be 
observed (top page 77 1 , |2]). 

The behavior of PL peak temperatures for 
the case N,, < m are shown in Fig. 9. 7'he 
TSC curves don't have maxima in most 
cases, but instead lend to become monoloni- 
cally increasing with increasing temperature. 
When < au( 0) it is seen that curves 

for the Tl. peak temperature increase with 
decreasing dose, if m ^ I'hc TL curve 
with A/„(0)/m(0) - 0*999 approaches a bi- 
molecLilar form while that for /V„(0)/m(0) = 


Log(n, 
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Fig. V. The dependence of TL peak temperatures for a 
decayed trap and for a reduced dose when m(0) ~ 
> /V„(0) 


0-1 approaches a monomolecular form. The 
TL peak temperature for the decayed case 
with N„(0)//?j(0) = 0-999 decreases slightly 
when p'Is' — 100, and then increases to a 
constant value as x increases. The cor- 
responding curve with p'js' =^0-01 increases 
to a slightly smaller constant value given by 
equation (22) when the value for A/„(x)/w(x) 
as X ^ ^ is inserted. When Na{0)lm{0) < 
0-7, the decayed peak temperatures for p' > s' 
shift downward and converge to a constant 
value which is common to the corresponding 
temperature maxima curves for/?' < s. 

Some further remarks concerning the band 
model under consideration are: (a) it is 
probable that most glow peaks if there are 
several in a glow curve will have a mono- 
molecular form, or can be made to have by 
decay, (b) Glow peaks for which m 
most probably would be the largest or last of 
a series, (c) The conditions for which glow 
curves have a simple analytical form are 
jLt/|/x-4-G| (d) The study of (A us a 

function of decay or dosage can yield useful 


information about the parameters on which 
0 depends. High dose levels tend to increase 
the dependence of (/> on s'Nd while low dose 
levels or decay tends to increase the depen- 
dence on p'. (e) Ft is unlikely that the con- 
dition m — Nti can be fulfilled, since trapped 
charges may be released by the radiation 
which is causing them to be trapped. It is 
also possible (hat charge sources may be 
depleuted before traps arc filled, (f) The 
curves for peak temperature in Figs. 6*9 
can be modified to correspond to conditions 
where A/^tO) > am(0), by translating all 
curves toward the ordinate. The reduced 
dose curves arc then correctly shown. The 
decayed curves must be shifted upward, 
with some change in shape, so that they are 
joined with the reduced dose curves at the 
ordinate. The shifts in peak temperature for 
reduced dose thus become negligible as 
increases. These statements 
and the one following can be confirmed by 
studying equations (2 Hand (23) in terms ofx- 
(g) If A^r, > w the peak temperature curves 
for decay arc constant except when miO) 

the curves for reduced dose are con- 
stant initially if /?W,,(0) ^ A'W^(O), and begin 
to rise when s'Na{x)lp'Na{x} excedes unity. 
If p'Nf, < s'Na for all conditions, as could be 
the case if the number of available traps ex- 
ceded the number of charge sources, then the 
reduced dose curves would have no constant 
region and the peak temperature curves for 
reduced dose and decay would form an acute 
angle, (h) The initial rise approximation, in 
which data from the leading edge of a glow’ 
curve is interpreted as an exponential rise, 
applies to a smaller fraction of the curve as 
the ratio (^>,/(/>/ increases, or as p'Is' decreases. 
The approximation is better for TSC than for 
TI.. Table I, Column 6 illustrates how the 
condition m = N,i when a' p’ limits the use 
of initial rise data. For p'js’ == 0-01 . the value 
of an exponential rise obtained by setting 
//„ = 0 in equation (18). with T chosen so 
that l[T) is l/IO. I/IOO. or 1/1000 of the 
maximum, differs by 150 , 8 or 0-8 per cent. 
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respectively from l{T}. If a series of initial 
rise curves are made by warming part of the 
way through a peak several times (thus decay- 
ing the peak in steps) each rise can furnish data 
for a plot of log (/) vs. 1/7. The intercepts of 
the initial and final plots would be different 
by a factor (m(/))i/( w</))/ when m is sufficiently 
reduced. Jn the above example this factor 
would be ! 00 mjmf. (i) The peak temperatures 
for TL and TSC for decayed traps will always 
shift upward or remain constant with the 
following exceptions: TSC peaks will shift 
downward if p' .v' when N„ ^ m - N^i 
initially. TL peak temperatures may shift 
downward if p' > .v' and Nf^ < m initially. 
TSC peak temperatures may occur and shift 
downward initially if p' > s' and if < w 
initially, but a peak fails to occur as the curve 
changes toward the limiting exponential form, 
(j ) The peak temperatures for Tl. and TSC 
always increase with a redaction in dose if 
Na ^ m. (There may, of course, be a range 
where they arc approximately constant as 
in Fig. 8(a)). It is somewhat more general and 
sometimes appropriate to assume that m = 
bfH I T where t is the time of irradia- 

tion and h. q and /V^ are constant, and to 
assume a similar form for N„ with a different 
set of constants. In this case or for any other 
dependence, the decreased dose peak tem- 
perature curves would fall above those for 
decayed traps so that only the same exceptions 
as noted in (i) above could apply to a rule 
specifying increasing peak temperature. It is 
clear from equation (23), if /n(0) > I0A^,,(0) 
in some range, that peak temperatures can 
shift either downward or upward with de- 
creasing dose according to the behavior of 
NJni and NJm. (k) It should be possible in 
cases to increase the separation of super- 
imposed glow peaks by using selected glow 
levels. (1) The condition N^j < m might apply 
to a case where trapping is due to a set of 
donor states N^i which are partially filled 
prior to irradiation when = 0. (m) A series 
of initial rise curves (see (h) above) will give 
a value for energy which is too high if a glow 


peak is decayed to the point that a higher 
temperature glow peak contributes effectively 
to the initial rise, 

7. When non-radiative transitions, retrap- 
ping by traps other than the thermally 
activated one, (/= I), or recombinations to 
more than one center occur, one can write 
the more general equations, 

K = y\N,n^' - [ 2 (f-i)-v,' 

+ iP} + <i',) {NJ - «,/)]/!,. (30) 
= ip'j + <?j ) - nj)n, (31) 

where 

= \ + (32) 

with the conditions nc = nn=0 initially. If 
it is assumed that s'^N/ is not especially large, 
and that 

> I and ?> nj 

then 

/(/') = m^UJIp (33) 

with 

■1 = 1 U)Pi!^n 

+ (pI + 

and 

Here the curve is simple monomolecular, but 
the total glow is a complex function of ex- 
citation dose, the characteristics of which will 
be discussed later on. When equation (33) 
holds the glow peak temperature is an effective 
signature of the trapping defect. 

8. When T\ all expressions for/(T) 
are made to conform by changing s' to 5' VT, 
p' to P'Vt. and Nf. to N'y'TK The product 
4)11 can be changed to 4>// where 

H s f TWdTIli 
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and where is obtained from the formuli for 
(j) with s\ p\ and Nc replaced by P\ and 
Nc respectiveJy. The resulting expressions 
for l[T) contain a factor V. Thus, for 
example, a monomolecular equation becomes 

/(T) =/x4>rexp (-a/T-4)//). 

This extra temperature dependence is not 
very significant as is illustrated in Figs. 2 and 
5 of the preceding paper. 

4. A MODEL WHERE A TRAP AND EXCITED STATE 
ARE LOC ALIZEI) AT THE SAME DEFECT, WHICH 
IS SPACIALLY SEPARATED FROM ALL RECOM- 
BINATION CENTERS 

If traps, excited slates and recombination 
centers are each spacially separate from the 
other the results of Section 3 apply with A/^ 
equal to the density of defects with which 
the excited slate is associated. When one 
trapping state and one excited state are 
localized at the same defect, but spacially 
separated from all recombination centers, 
both linear and quadratic terms may occur in 
the occupation number time derivatives: 

I = ~fy+ y' (A/rf 

+ + (34) 


[y^y'iN,t-n„-n,)]na 


- [.i + s'{Na-it,,-nr} 


p {N tf 

( 35 ) 


( 36 ) 


radiative recombination transitions. Equations 
34-36 satisfy 

+ = w (37) 

if «ri and are equal to zero initially. It is 

again assumed that hr is small compared to 
the separate terms on the right side of equa- 
tion (35), so that 

^ y^y'Wn-^nu-m) 

as before, 

y^sW. = 

The additional assumption that n,i= — 

permits one to write 

h,, = p'{Na-na)(ni-nJ 

(38) 

Integration of equation (38) gives 

-exp[/K7)] (39) 

where 

A~^-p'{Nf,-m), - s + s'N^, and Z 


The unprimed factors, describe the rate of 
transitions between slates associated with the 
same defect, while the primed factors describe 
the rate of overlap transitions between stales 
associated with separate defects, The over- 
lap transfer between states indicated may 
involve unspecified intermediate stales. It 
has been assumed that the charge of a defect 
can change by one electron: that only one 
kind of trap, excited state, and recombination 
slate arc active; and that there are no non- 


1. If m, we define v" = A + x'iV^/, then 
equation (38) reduces to 


p’s''(N„-n„)(m-n„)W 

s'-^p(N„~n„) 


( 40 ) 


which is a form discussed by Halperin and 
Braner, if .v' = 0[l]. The factor containing 
s' in equation (39) becomes unity thereby 
reducing the equation to the proper solution 
for equation (40). 
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If Nu ^ m, then the solution for equation 
(40) is 

l(T) = mU (41) 

4)~.',"p'NJ(s"+p'N„). 

This behavior is like that in equation (20) with 
s' replacing s'N,. and 

If Af? ^ then the solution for equation 
(40) is 

/(D- N,V [l + /?N„i-'exp(“0/?)]-' 

(42) 

where </> === p'm. Rquation (42) is similar in 
behavior to equation (22). \ f p I s' is very large, 
a situation analogous to equation (29) may 
occur; then the initial part of the glow is given 
by equation (4 1 ) with (A - 
If m ^ then A in equation (39) is not 
well defined. Solving equation (40) for this 
condition yields 

s'lp'ni- v7/>'yH“ log,, (ylm) --liiT) 
where y — tu — n„. If p’mis' I , then 


peak temperature will occur if s'Na > s. The 
behavior of glow peaks is like that for a strict- 
ly localized model or a band model according 
to whether the ratio s'NJs is small or large. 
The model is distinguished from the band 
model discussed earlier because of the differ- 
ent dependence of <j> on the trapping defect 
concentration. This is illustrated in Figs. 10 
and II for a case where the glow peaks are 
monomolecular with Au /V„, andAuocA^^,. 

A generalization of this model with assump- 
tions similar to those in Chapter 3, Section 7, 
would result in monomolecular glow curves 

with (A = 



Hig, 10, The depeiiLicnce of (p on if m N„ and 
/( 7 ) — Hi B (43) m lor a hand model with a monomolecular form. 


with (h -- p'fH. 

The I SC for this model are given by 
(r(7) = iiJp'N,, 

when > ni, and by 

fj( 7 ) n, ~ niW 
when ni N„ and by 

o-{T) ^ fif = niWl[ \ A-mp'h(T)] 
when lii ~ /V„. 

2. When m -* Nff, the initial and final parts of 
a glow curve are described by equations 
(41-43), as appropriate, with s" - s and 
.v"- .y y-.v'/Vrf, respectively. Thus shifts in 



Kig. M. I'he dependence of (p on N„, if rn^N,, and 
m N„ lor an exchange model with a monomolecular 
form. 


5. DISCUSSION 

If the traps occurring in a material become 
thermally activated at temperatures sufficient- 
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ly different to prevent overlap of glow peaks, 
then it seems highly probable that low dose 
levels or peak cleaning, m < may result 
in glow curves having a simple analytical 
form. The simple monomolecular form is very 
likely to describe the glow from all peaks 
below the largest of a glow curve when the 
emission spectra is the same for all peaks, 
because this suggests a value of m/A^„ small 
enough to make retrapping by the thermally, 
activated trap negligible; in this case, even if 
glow peaks are superimposed, the leading 
edge of a cleaned glow curve should be simple 
monomolecular. A good check on whether or 
not monomolecular forms do apply should be 
afforded by simultaneous observations of TSC 
and TL curves having the same shape. 

The simple non-localized systems having 
only three active states considered in most 
detail here obviously apply if all traps are 
filled by exciting to saturation (they may not 
be if one exhausts the sources or if the trap 
populations equilibrate without being filled), 
and if the recombination centers can be con- 
sidered to be of one type. This procedure of 
preparing a material for measurements leading 
to evaluation of energy and frequency factors 
may or may not be desirable in that it can 
swamp out or eliminate some glow peaks, and 
in that it will not necessarily increase the prob- 
ability of having glow curves with a simple 
analytical form. Making a series of initial 
rise curves (thus decaying each trap in turn) 
seems to be the best method, in general, of 
obtaining energies for a series of glow peaks 
in a complex glow curve. Frequently there are 
systematic shifts in the peak temperature, 
for some peaks, and systematic changes in 
peak areas, Ai. with changes in dose level. 
The temperature shifts: and the intercepts, 
slopes, and saturation levels of log A, versus 
dose provide some information about the 
relative values of the parameters which 
influence the frequency factors, 

It does seem rather useless to obtain values 
for trap energies and frequency factors for a 
material exhibiting thermoluminescence with- 


out making an effort to identify the atomic 
configurations giving rise to traps, recombina- 
tion centers or relevant intermediate slates. 
If detailed thermodynamic histories and 
chemical analyses of several samples of a 
material are available, one can attempt to 
relate possible defect configurations to the 
characteristics of the thermoluminescence 
observed. For example, it would be most use- 
ful to be able to correlate the intensity of a 
glow peak with a defect density, Qualitative 
correlations can be made by studying glow 
peak intensity versus radiation dose, and 
quantitative correlations are possible for 
relative densities of defects giving rise to 
trapping states if the effect of enough of the 
parameters describing a general situation can 
be simplified. The complexity of a general 
situation is illustrated by equation (23), which 
is a simple case in that the band is a common 
excited stale. To calculate a glow intensity 
from that equation, one must first calculate the 
charge distribution as a function of radiation 
dose, and then calculate the redistribu- 
tion over traps and centers upon heating to the 
temperature where the glow peak being anal- 
yzed occurs. The author intends to prepare a 
sequel to this paper which will treat some 
special cases of thermoluminescence intensity 
vs. radiation dose, and discuss the scope of 
the general problem in a way that should lead 
to a better understanding, at least for new- 
comers, to the field, of the meaning of glow 
curve characteristics and of their inter- 
pretations. 

Thermoluminescence data, including emis- 
sion spectra, glow intensity vs. dose or decay 
for specific conditions, plus other optical pro- 
perties of a material can provide valuable in- 
formation for use in establishing significant 
fixed (or changing) electronic charge distribu- 
tions for study by magnetic resonance where 
direct measurement of ionic charge and of 
changes in charge densities are possible [5, 6]. 
In this respect it would seem generally desir- 
able to use excitation radiation most likely 
to preserve the defect densities in a material. 
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The author is not aware of any terms which 
distinguish between retrapping by traps being 
thermally activated and by any others present, 
and therefore proposes use of the terms self 
and progressive retrapping, respectively. 
These terms, or some others, would be par* 
ticularly useful In discussing thermolumin- 
escence intensity versus radiation dose. 
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Note added in proof: The decay of glow or conductivity 
ar constant temperature is described by replacing hiT) 
or H{T) in formuli for I{T) and cr(7') by r exp(-£7AT) 
or / 7* exp ( -E/A T ). respectively 
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NON-ORTHOGONAL STATES 
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Abstracl-A simple method of manipulating annihilation and creation operators for non-orthogunal 
states IS developed. This is applied in the context of crystal field theory to derive exact many electron 
matrix elements which are explicitly independent of the choice of basis set and linked cluster in form 
These are related to effective operators acting on frcc-ion open- shell stales. 


1. INTRODUCTION 

In the present paper a formalism is deveN 
oped which enables the second quantized 
form of many-body theory to be applied to 
systems where the single particle basis states 
are non-orthogonal. The most characteristic 
field of application is to assemblies of atoms 
in which the free electronic wave functions 
are only slightly perturbed. The basis func- 
tions normally used for such calculations are 
atomic Harlree-Fock functions. 

Much work has already been done on the 
convergence problems that arise when non- 
orthogonal atomic wave functions are used 
in the determination of quantities such as 
binding energies and exchange energies of 
effectively infinite systems. Most recent are 
the papers of Arai[K2J and the review article 
by Herring[3]. Our present aim is not to 
discuss convergence, but to consider the 
formal problems which arise in the case of a 
paramagnetic ion substituted into a crystalline 
environment. The very general algebraic 
results obtained in Sections 2 and 3 will, 
however, have a much wider range of possible 
application. 

It may be supposed that an explicit formal- 
ism for non-orthogonal states is superfluous 
as, given a set of such states, we may always 
transform to orthogonal states, carry out the 
required algebraic analysis and then transform 
back to the original states for numerical 
evaluations. Quite apart from (he fact that 


a transformation of this type is far from trivial, 
it must be emphasized that orthogonalization 
arises from the Pauli exclusion principle and 
is not just a question of mathematical con* 
venience. That is to say, a many electron 
determinantal stale with non-orthogonal 
component states is unchanged if all its 
components are mutually orthogonalized. If, 
however, the whole set of single electron 
basis states (unoccupied as well as occupied) 
are orthogonalized, a single determinant of 
non-orthogonal states will, in general, become 
a sum of determinants. Then the natural 
many-particle basis states, which are defined 
in terms of non-orthogonal atomic orbitals, 
lake a complicated form. Our approach is 
designed to avoid this difficulty while re- 
taining the natural many-particle basis stales. 

Bishlon and Newman [4] have previously 
developed a diagrammatic method of expand- 
ing many-electron matrix elements in powers 
of the overlap integrals and shown that the 
first few terms in this expansion are in ‘linked 
cluster’ form. The present work lakes ad- 
vantage of a further result proved by the 
author[5] to ensure that all results obtained 
in this paper are expressed in a way w'hich 
explicitly indicates that they are capable of 
expansion in terms of a linked cluster series 
in the overlap integrals to arbitrary order. 
This ensures the direct physical significance 
of our formulae and, at the same time, mini- 
mises the amount of numerical work re- 
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quired to evaluate them. The results derived 
in Section 5 generalize and extend the form- 
ulae obtained in|4). 

Besides generating formulae useful in the 
numerical calculation of crystal field para- 
meters, the new algebraic formalism may also 
be used to derive effective operators in 
crystal field theory which act between the 
states of an isolated paramagnetic ion and yet 
take into account the effects of the coordin- 
ated ligands. In particular, we wish to de- 
termine to what extent the formulation of 
effective operators given by Wybourne[6J 
can be generalized to cope with the real 
physical situation in which the crystal field 
has not only electrostatic contributions but 
also contributions due to the effects of overlap 
and covalency. It is shown in Section S that 
such effective operators exist in the ‘exclusion 
model' [7] of both ordinary and correlation 
|8| crystal fields to all orders of overlap. 

2. THK OVEREAr MATRIX 

Consider a finite basis of non-orthogonal 

one election stales |/), /-I N. The 

elements of the overlap matrix are written, 
for convenience, as .V,, — Wc also define 
the inverse matrix so that 

(2.1) 

with the usual summation convention. Follow- 
ing Chirgwin and (\)ulson[91 we shall treat 
as a metric, using it and its inverse to 
raise and lower indices. Throughout we take 
the non-orthogonal slates |/) themselves as 
covarianl (indicated by suffices). This tensor 
notation has the usual advantage that any 
tensor equation which is true for orthogonal 
slates will also be true for an arbitrary non- 
orthogonal basis. Hence we avoid the need 
to make an explicit transformation to an 
orthogonal basis just in order to derive 
formulae which are valid for general non- 
orthogonal bases. 

The NX N overlap determinant = \S^j\ 
can be expanded in pivotal form [5] as 


A;V = 5i1^%2 (2.2) 

where the factors are defined by the re- 
currence relation 

(r)C _ (r-Dc _(r-l)C (r-l)c /(r-l)C 

‘Join ‘Jmr ^^rnl ^rr‘< 

= (2.3) 

It follows from (2.3) that the pivotal overlaps 
are identically zero for rjun ^ r, and 
thus form an {N ~r)x{N -r) dimensional 
matrix. We shall also find it convenient to 
raise an index on these quantities so as to 
define the pivotal delta 

(2,4) 

and the contravariant pivotal overlap matrix 

^ {2,5) 

The pivotal delta has the following structure 

^'>;^/-a/for/>r. I 

t Ofor / -s f\ j > r (2.6) 

= 0 for i ^ r. j ^ r\ 

and the contravariant pivotal overlap matrix 
satisfies: 

for /ory > (2.7) 

These new’ pivotal quantities also satisfy 

rccunencc relations which may be obtained 
directly from equation (2.3): 



The reader will find it easier to visualize the 
significance of the results in this and the 
following section if they are written out ex- 
plicitly in the case of a basis with three non- 
orthogonal states. Most results were originally 
surmised in this way, general derivations 
being obtained afterwards. 

It follows at once from equation (2.4) that 
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(2.9) 

We may also prove the following more general 
result by induction, using the recurrence 
relation (2.3); 

( 2 . 10 ) 

where Lr indicates a pivotal sequence which 
runs to / or r, whichever is the greater. Re- 
arrangement of the indices in this equation 
also gives 

- ‘^'8/ (2.12) 

Successive application of the recurrence 
relations (2.3), starting from leads to 
the equation 


If the value of n is chosen to be N, is 
identically zero and so are all terms in the 
sum with r > ij where ij denotes the smaller 
of / and j. 

Equation (2. 1 3 ) then gives 


It has previously been remarked [5] that 
the recurrence relations show to have 
a ‘linked cluster’ form in terms of the overlaps 
S^J. Thai is to say the expansion of is in 
the form of a sum of products of the overlaps 
5fj such that no product can be factorized into 
separate parts having no state suffices in 
common. The recurrence relations similarly 
ensure that the expansion of ‘''^8/ is also 
of linked cluster form and the constructions 
given above demonstrate that all defined 
quantities have this form, including the in- 
verse overlap matrix The latter result has 
also been given by Arai(2]. 

The sums in the expressions for 5,^. 

8j' (equations (2.14) and (2.15)) are not 
explicitly in tensor form. This can be rectified 
if we introduce new bracketed indices defined 


by 

S'(r)=<^- 

"Sr'/V'^-"S,.r. 



S,(r)="-%r/V<^ "Srr. 

(2.17) 

Then 

d,' = Sr((/)f)'(q) 

5“ = 5'(f/)5^(i7) 

(2.18) 


S'lj = S,ici)Sj{q) 



5 . =2 


<r*l)v 

Oir Or-j _ 

(r-l)C 

*'/r 


IJ (r 

1- 

r 1 


l)r (r-DC 


(r DC 

ff 


(2.14) 


and raising indices 


if we also adopt the summation convention 
for pairs of bracketed indices. Pivots have 
been dropped in these expressions as they 
are implied by the bracketed indices. It is 
also convenient to define quantities with 
two bracketed indices: 


(r-DC (r Dt t 
^ '’.S’rr 


(r Oe Ur-Ofi ; 

= V 

2. (r 1)5^, 


(2.15) 


Raising indices in equation (2.1.5) and using 
(2.15) we also obtain 


5(r,r+l)=5,.,(/-)/V'-'5V.,,,„. (2.19) 

.T OPERATOR FORMALISM 
We now introduce covariant operators 
a,\ dj which create and annihilate the (co- 
variant) one electron slates |j). These 
satisfy the well known anticommutation 
relations, viz: 




V (r 


''-"Sr, 


(2.16) 


[rt,,tij]+ = 0. [n,\(i/)^ = 0. 

[a/.Uj].. =5,j (3.1) 
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(e.g. see Longuet-Higgins[I01). To verify 

(3. 1 ) we only have to note that they are tensor 
equations which reduce to the correct form for 
orthogonal states. 

Raising suffices we define the corresponding 
contra variant operators 

(3.2) 

which create and annihilate electrons in mixed 
stales with respect to the original basis, fhe 
following commutation relations are then easy 
to prove 

(3.3) 

Using these operators wc may construct the 
usual number operator which gives the number 
of electrons in a many electron state: 

/V -- Uip. i3.4) 

Ibis expression is clearly invariant with 
icspoct to arbitrary transformations of the 
basis stales and has the corroet form for an 
orthogonal basis 
I^icolal opcmlof w are defined by 

a,. "V/,— (3.5) 

I hey can be shown to satisfy the recunenee 
relation 

'"o. ■('' 

(3.6) 

(and similaily for creation operators). 

I he operators "V// create a set of I 
slates which are the states |r) orthogonalized 
with respect to stale 1. Similarly the 
create f}-2 slates orthogonali/ed to states 1 
and 2. and so on, Hence (he recurrence rela- 
tion specifies a slep-by-slep Schmidt ortho- 
gonali/ation procedure which finally produces 
creation operators for an orthogonal 

(but Linnormali/ed) basis set. Wc might equally 


well have begun the theory at this point and 
used (3.6) to derive all the results obtained in 
the previous section. 

Use of the recurrence relation (3.6) in 
conjunction with the basic commutation rules 
enables us to derive the following general 
commutation relation for pivotal operators: 

= (3.7) 

where ~t indicates the greater of r and t. This 
is the basic result required for the algebraic 
manipulation of creation and annihilation 
operators. Important special cases are 

(3.8) 

and. for operators which generate Schmidt 
orthogonali/ed states. 

T' (3.9) 

Here .v) is the Kronccker 8, The latter 
equation is not obviously in tensor form until 
we express it in terms of bracketed suffices 
(which w'c now sec refer to normnlized 
Schmidt (irthogonali/cd states). I'hen 

|uUr),c/(.v) 1^ -5(/-..s) (3.10) 

w'hereu(r) 

It IS also convenient to define pivotal 
( oniravariant operators 

These satisfy the commutation relations 

(3.12) 

It is worth noting that, as a result of equation 
(2.7), we have = and = 
ifr < n. 

Further results, which may be obtained by 
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direct evaluation, are 



Vfl'' {t>r) 

(3.13) 

and 


(3.14) 

where 

tiDf) _ V “» 

^ (8-l)C 

)f=l 

(3.15) 


4. CONSTRUCTION OF MANY-ELECTRON STATES 
An unnormalized n-electron determinantal 
state has the form 

|/?] =« n ^<-|<_2 ( 4 . 1 ) 


|n) = = ■ 


| 0 ) 


V5., 

|0). (4.2) 


In crystal field problems there is usually a 
degenerate set of free ion open-shell states 
that are split by the crystalline environment. 
Let the one electron open-shell states be 
distinguished by the labeM, which is at least 
partly determined by the appropriate ir- 
reducible representation of the symmetry 
group at the site of the ion. In the case of only 
a single electron out.side closed shells we may 
write 


where square brackets are used to distinguish 
many-electron from one-electron states and 
|0] denotes the vacuum. Using the fact that 
= 0 we can rewrite this expression 
in terms of the pivotal operators which create 
orthogonal states: 


\n,A) = a^{A ) |a?) (4.3) 

where n now denotes the complete collection 
of filled atomic shells which are taken into 
account explicitly in the theory. Similarly, for 
two electrons outside closed shells, we have 




= 

= ('*■"«/ ‘"-X-i "’a.+a/lO]. 


\n,B,A) 


CiA On 


(4.4) 


This procedure corresponds to rewriting a 
determinant in terms of orthogonal states. 
Hence 

[win] = [0lw/‘V/2 

^«M0] 

and because of the commutation properties 
given by equation (3.9), w, can be moved to 
the left of without changing the value of 
[win], then can be moved to the left of 
and so on. Commuting each pair 
starling from the right, we 
obtain the determinantal expression 


Even though state A is always chosen to be 
orthogonal to B, the state created by is 
not necessarily orthogonal to that created by 
unless /4, B are associated with different 
irreducible representations of the site group. 
Because of the consequent simplifications, 
and the importance of this case in practice, it 
will be assumed in the following that A, B do 
indeed satisfy this criterion. We may then 
write, without ambiguity, 

'"■"’a - a* (A): 

= (4.5) 


[«|n] = 

(say). 

In order to construct normalized states we 
divide by VAr,. i^e. |0) - |0] and 


We shall also wish to consider excited 
states, arising from covalency and configura- 
tion interaction, in which an electron is 
transferred from one of the closed shells into 
the open shell. These have (he form 
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\n-\,B,A) 


IN-I),, + (ll-I),, -I 

‘‘a 


l«-l) 


where [n- I) = «"!«) (4.6) 


It is therefore convenient to define = 
which is zero for i > n or j > n\ 
i.e. for all the unoccupied states in |rt). Using 
the same method it is easy to show that 


if we assume for convenience that only one 
open shell state is already occupied and it is 
the electron in the n-th state which is trans- 
ferred. According to equation (3.13) these 
excited states may also be expressed as 


n 




( (//-DC (/DC (//)C \lf: 


(5.2) 

and the introduction of extra operators will 
simply increase the size of the determinantal 
expression on the right hand side. For this 
reason it is convenient to use an abbreviation 
for these determinants, writing 


x\n, B,A). 

5. EVALUATION OE MATRIX ELEMENTS 
One and two particle operators in a many 
particle system may be written 

(i “iff'* (i^ (i^ (//|xH Ik) 

— hi"' a‘^ (5.1) 

where the summations extend over all the 
states in the basis (no^only those which are 
occupied). F,j and (hfdjk arc introduced to 
display explicitly to covariant nature of these 
quantities. These expressions are manifestly 
invariant under arbitrary transformations of 
the basis states and have the correct form in 
the case of an orthonormal set, which is 
sufficient to establish their validity. 

We shall be interested in evaluating (J 
and the unit operator between various n- 
particle states. This depends only on being 
able to evaluate products of contravariant 
operators between such slates. The usual 
algebraic method of doing this is to commute 
the creation operators to the right. The 
simplest example is 

- (nl.S'-^ln) — (n|r/^f/'‘^|/i) 


and 





!'■ j k- 

_p m I 



k' 

I 


">S" 


'll k 
P I 


_ («) 


j k 

IP ni 


and so on. Hence the results for two, four, six 
and eight operators may be written 




(/i|u' ' a‘' a^\n) 


‘'1/ / 
I k 





j k 
m I 


(n\a'^ ii*'\n) — 

j k I 
r q p m 


(5.3) 


The interchange of a creation and annihilation 
operator in any of these expressions gives an 
appropriate overall change in sign combined 
with the substitution of for when- 
ever the creation operator is to the right of 
the annihilation operator. Some examples of 
using this rule are given below: 

(5.4) 
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= (5.5) and 


{nla^^aVa'-^ln) = '"tsJ" '">5" j/ (55) 


"t j 

Ut) 

+ 5''' 

y 

(nl 

-S'-* 

J 

J 1 * 


J 


J /_ 


(5.7) 

<j 

_|_ {/Dj'jr in)^i{ _ (iO^jr {n){^U inf^ik 

(n)^tr (tt)^(k (ii}^ir 

(5_g| 


The above results enable us to evaluate 
matrix elements which are of interest in 
crystal field theory to give expressions which 
are (a) independent of the choice of basis 
states, as is shown by their construction in 
terms of tensors; and (b) ‘linked cluster in 
form as is shown by their construction in 
terms of components which are known to 
be internally of this form. A trivial case 
occurs when all the electrons are in closed 
shells giving the extremely simple matrix 
elements 






J ' 
k I 


(n,A\d\n, fl) =iGV7U5(/I.B)('"'5^'''"’5'' 

-'"'5-'' + 26'(/l)(6"(B)'"’5''*- S*(6)‘"’.V')] 

(5.12) 

where the terms containing the factor 5(/l,£?) 
vanish if the states A,B are associated with 
different irreducible representations of the 
site symmetry group. 

In the ‘exclusion model' [8] the crystal 
field energies are derived directly from the 
Hamiltonian H^F + G by solving the 
secular equation 

\{thA\H\n. B)- EUuA\n.B)\ = 0. 

All terms with a factor5(/f , ^) in {nM\H\n, B) 
may be written as E^MA^B) so the secular 
equation reduces to 

\{n.A\H\n,Bl^^^,^^,-E’S{A,B)\ =0 

where E' = E-Ei^. Here the suffix ‘active' 
indicates that all the (passive) contributions 
which merely shift the mean energy of all 
levels have been subtracted out. The active 
matrix elements are in linked cluster form 
and may be written in terms of effective 
operators acting between open shell states: 


(5.9) 


The latter expression takes the usual form of 
direct coulomb minus exchange. 

In crystal field theory, however, the matrix 
elements of interest are between states in 
which one or more electrons are outside 
closed shells. In ordinary crystal field theory 
only a single active electron has to be con- 
sidered, so we require the matrix elements 

{n.A\n.B) = S(A,B). (5.10) 


,5,3) 

V(''''5,V"'5„«) 

(«. |(7 |ai. B),,„ve = GV7„5'(/( )(8'(B)"".V‘- 

,s,4, 

V('"'5,;''*5«b) 

where 

""f = F, '"V (5.15) 

and 


(n.A\F\n.B) = F,i"^S'>S{A , B) + 8'(/( ) SW)] 

(5.11) 




(5.16) 
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The free ion open shell states which appear 
in equations (5.J3) and (5.14) are renormal- 
ized by a factor which depends explicitly on 
the slate concerned, and which has not yet 
been absorbed into the effective energy 
operators. This is, however, possible in cases 
where the labels /I, B etc. all refer to different 
symmetry orbitals. The operator 

(5.17) 

satisfies 

Hence 

{\-X) 

so ihat the required normalization can be 
produced by an operator which is independent 
of/f. 

Some other matrix elements of interest in 
the ‘exclusion rnoder are those forG between 
two particle states which contain contri- 
butions to the correlation crystal field [8J. 
For simplicity we now assume that .S'(/f , B) — 
6(/f, 8} so that the remaining passive contri- 
butions are explicitly independent of the open 
shell stales. Fhen 

{fKAJi\(;\fuA,8) - 

+^u){''WU] 

-‘"'sm/i)) 

+ 8'{B)rW'{B) 

+ 5'(/l)8'(«)(8''(ii)8'(/l) 
-8'(B)8''U))] (5.18) 

(/(. A , B\a\n.A. D) = G/'; 

+ f)‘(A)d‘{B){f>'{A}^HD) 

~8'AA)8>{D))] 

(B^D) (5,19) 


{n,A,Bj^jn, C, D) 

= ^G,,[^\AW(B)mDW(C) - nom))] 
{A,B^C,D). (5.20) 

The form of these results shows that the 
effective operator ‘”’6’ given above is in- 
complete as it lacks the term which gives the 
(correlation) interactions between open shell 
electrons but which does not contribute to 
the one-particle field. The complete effective 
two-particle operator is given by 

as the reader may easily check by comparison 
with equations (5. 1 8)-(5.20). 

The required renormalization factor for the 
two-particle state in the presence 

of n particles in closed shells is 

/(/i)c (tiir H— __way 

+ (5.21) 

when '"’5 1 1 = 1 - '"’Tm- This factor is pro- 
duced by the operator 

(l-f,-T.,)-''' '(5.22) 

where T| and are operators independent of 
Ihe specific open-shell states A,B given by 

(5.23) 

It can easily be verified that these operators 
satisfy the following equations if the labels 
A,B etc. all refer to different symmetry 
orbitals: 

|()) = 10) 

10) = ('"X,., -h<"'A'«fl)«/a/iO). 

The formal expansion of the operator (5.22) 
then gives the factor (5.2 1 ). 
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The numerators in excited state (i.e. co- 
valency and configuration interaction) 
calculations involve the matrix elements 

+ 6‘{n)b‘{B) 

+ S*(A)S‘(A)S(Bn) 

-d'(AmB)S(An)] 

(5.24) 

(n,Alfln-UC.B) = F,AA)d'(A) 

X [SHC)S(Bn)-8AB)S(Cn)], 

(A # B,C) (5.25) 

(n,Aldln-l,A,B)= J(''‘>5''»8^(/l) 

-‘"‘S'^S‘(A})(S'(A)S(nB) 
- 8'(B)S(nA )) 

+ iS(nB)("‘>S 

-h8W(dW'''S^^ 

-8umAyiB))] 

(5.26) 

= )(S%OS(nB) - dWSlnO) 

(A9^B,C) (5.27) 

where again we have taken “'*5(^5) = S(/1B}. 
The general overlap integral is 

B} = S(^C)S(^fB) 

-S(^B)S(/fC}; (all 5,0. (5.28) 

An account of how such terms arise in crystal 
field theory is given in [7]. The isolation of 
effective operators is very much more com- 
plicated for excited state contributions and 


further discussion of this problem is deferred 
to a later publication. 

6. DISCUSSION 

The formalism developed in this paper 
provides the mathematical foundation of 
a many-body theory for non-orihogonal states. 
The basic algebraic result (equation (3.7)) is 
very simple, and allows us to derive matrix 
elements between many electron states with 
little manipulation. 

As mentioned in the Introduction, the main 
application at present envisaged is to solve 
the basic problem which arises in formulating 
crystal field theory: To what extent can the 
crystalline environment be represented by 
the construction of effective operators which 
act on free ion open-shell states? The results 
obtained in this paper show that such oper- 
ators exist at least in the case of the simple 
‘exclusion model' [7, 8] which does not include 
covalency and configuration interaction 
contributions. 

An alternative application of the formulae 
given in the previous section is their use in 
straight numerical evaluations of contri- 
butions to the crystal field (such as those 
as in [7] and [11], For this it is necessary to 
obtain the numerical values of the restricted 
set of pivotal deltas ^'‘“'’8/ and the quantities 

(«) 5 U^^ (<'■-» V(r'‘)V/‘r-l^Srr) 

r=l 

w))ich may easily be constructed from them. 
The may be evaluated from computed 
overlap integrals 5,j by means of the formula 

= Sr' - E ('‘""S*' '''S,r)lr-'V S,J 

.V=] 

which follows at once from (2.8). If it is only 
required to obtain results to a given order in 
the overlap integrals explicit expansions may 
be obtained using the diagrammatic method 
developed by Bishton and Newman [4]. 

Finally it should be remarked that one of 
the main advantages of the creation-annihila- 
tion operator formalism is that a simple linked- 
cluster diagrammatic representation of all 
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terms in the perturbation series can be 
established using the Brueckner-Goldstone 
formalism 1 1 2]. This both simplifies the 
derivation of explicit formulae and allows 
classes of important terms to be identified 
and summed over. Although, in the present 
paper, we have only used algebraic methods, 
the tensor form of all equations makes it 
implicit that the expressions corresponding 
to the Brucckner-Goldstone diagrams may 
easily be generalised to the case of non- 
orthogonal states, without any changes being 
necessary in the diagrammatic representation 
Itself. We shall use this method, in a later 
publication, to extend the results obtained 
herein. 

.‘j( -The julhor IS particularly indebted 

to Miss S S Bishtun and Dr .1 S Marsh tor helpful 
discussions 
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THE STRUCTURE OF Mn,.88FeM204 

H. M. O’BRYAN, Jr. and H. J. LEVINSTEIN 
Bell Telephone Laboratories, Incorporated, Murray Hill, NJ. 07971, U.S. A. 

{Bcccivedl December 1968) 

Abstracl-The structure of slowly cooled Mn, 68^e,.,20^ is tetragonal at 300®K. Recent work which 
showed that the structure of similar material is cubic at 300®K is discussed in terms of the importance 
of thermal history and oxygen stoichiometry to the transition temperature. 


In manganese ferrites with high Mn content 
a transition from the cubic to the tetragonal 
structure is sometimes observed as the 
temperature is decreased. Wojtowicz[l] has 
related this transformation to a cooperative 
Jahn-Tellcr distortion associated with Mn^^ 
ions on octahedral sites. As the amount of 
Mn^® so situated increases, the degree of 
tetragonality and the temperature of the 
transition increase. Chemical composition 
and thermal history determine the amount 
of octahedral Mn^^. McClure [2] has shown 
that at low temperatures there is an energetic 
preference of Mn^^ for octahedral sites. 
Consequently higher temperatures tend to 
randomize the distribution of Mn^^ and 
material quenched from high temperature will 
contain less octahedral Mn^^ and will have 
lower transition temperatures than slowly 
cooled material. 

In a recent paper, Cervinka and Vetterkind 
[3] examined slowly cooled samples of 
Mni KBFe,.|204 with X-rays to determine the 
presence of any structural transition in the 
temperature range 4-2°-300°K. No transition 
was observed and the structure at 300°K was 
determined to be cubic. It was noted that the 
X-ray lines remained broad over the entire 
temperature range. To explain the absence 
of the expected transition from a cubic to a 
tetragonal structure, the existence of domains 
which were chemically inhomogeneous with 
respect to manganese was postulated. It is 
the purpose of this note to show that Mni^^ 
Fe,.,204, prepared in the manner of Cervinka 


and Vetterkind, has a transition from the 
cubic structure near 533°K, and is tetragonal 
at 300°K. Data showing the effect of thermal 
history on the structure of this ferrite are also 
presented. 

A disk, 1-2 cm Dx 0-3 cm, was prepared by 
the usual ceramic techniques, fired at 1230^ 
in an atmosphere containing 0*6Torr. oxygen 
for 6 hr and slowly cooled in nitrogen. The 
cooling conditions closely matched those of 
Cervinka and Vetterkind. As determined by 
X*ray fluorescent analysis the sample com- 
position corresponded to Mn,.tjs^o 02FC1 12^002 
O4 where the oxygen content has been 
arbitrarily set at the stoichiometric amount. 
The sample was examined melallographically 
and by X- ray diffraction. 

Under polarized light a polished section 
of the sample showed birefringence. To 
determine whether the birefringence was 
caused by polishing strains, the ferrite was 
etched chemically. The birefringence remained 
after etching, which indicates that the struc- 
ture was non-cubic. In addition, the micro- 
structure as revealed by the etching and 
shown in Fig. 1, exhibits a subgrain structure 
consisting of parallel bands whose orientation 
varies from grain to grain. The appearance 
of such bands in the microstructure has been 
shown to indicate tetragonality in the case of 
copper ferrite [4]. In that spinel the trans- 
formation from cubic to tetragonal structure 
is accomplished by a diffusionless martensitic 
double shear process and results in a lamellar 
microstructure in which the orientation 
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differences between adjacent lamellae are 
functions of the degree of letragonality. The 
shear band width as shown in Fig. j is too 
small to allow a study of the lamellae, but the 
band appearance indicates that at 300°K 
the manganese ferrite has indeed transformed 
to the tetragonal structure. 

At room temperature the X-ray pattern 
showed the same line broadening and lack 
of distinct splitting, noted by Cervinka and 
Vetterkind. As the temperature was raised to 
373°K, a splitting was observed, corres- 
ponding to cja = 1-005. This splitting became 
smaller at higher temperature but the broad- 
ness remained. Near 533‘'K a reversible 
transition to the cubic structure was observed. 

To determine the importance of thermal 
history to the structure of Mn^HuFci.iaO^ 
a second sample, fired with the first but 
quenched in nitrogen rather than slowly 
cooled, was examined. At 300°K the structure 
of this sample was cubic as revealed by both 
metallography and X-ray analysis. No transi- 
tion to the tetragonal structure was observed 
by X-rays over the temperature range 20° to 
723°K. Throughout the lines remained sharp. 
This behavior is in agreement with the predic- 
tion that quenched material has a lower 
transition temperature. After a powdered 
sample of quenched material had been 
reheated near 773°K for 5 min, a trans- 
formation to the tetragonal structure was 
observed upon cooling. The appearance of 
the transition in this case indicates that 
rearrangement of Mn^^ has occurred during 
reheating. 

The question which remains concerns the 
origin of the line broadness which caused 
Cervinka and Vetterkind to interpret the 
X-ray diffraction pattern of slowly cooled 
material as cubic rather than tetragonal. The 
fact that similar X-ray data were obtained 
at this laboratory when the material was also 
slowly cooled suggests that the line broadening 


originates from processes occurring during 
the slow cooling. The two causes which seem 
most probable, are lattice strains and variations 
in cation distribution. 

Strain results from lattice mismatch 
between the lamellae which are formed when 
the ferrite transforms from the cubic struc- 
ture. Since these lamellae are extremely small 
(well below the \fi size of the shear bands 
which are shown in Fig. 1), an appreciable 
strain will have a significant effect on the 
width of the X-ray lines. Variations in cation 
distribution, on the other hand, cause line 
broadening by producing different degrees of 
telragonality for the various parts of the 
sample. When during the cooling the oxygen 
content of the atmosphere surrounding the 
sample is not adjusted, a non-equilibrium 
situation develops and the oxygen stoi- 
chiometry of the sample changes. The rate 
at which such changes occur decreases with 
temperature and the final situation is a sample 
with a gradation of oxygen stoichiometry 
from the interior to the surface. Previous 
work has established that copper ferrite 
samples with identical thermal histories but 
different oxygen stoichiometries have different 
cation distributions [5]. A similar effect would 
be expected for manganese ferrite. Present 
data do not permit an assessment of the 
relative importance of the two sources in 
developing X-ray line broadness in Mn^^s 
PCi.t2F^4- 
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AN X-RAY SINGLE CRYSTAL INVESTIGATION OF 
IRON-RICH ALLOYS OF IRON AND ALUMINUM -I, 
PHASE RELATIONS IN ALLOYS CONTAINING 
BETWEEN 14 AND 23 AT,% ALUMINUM 
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Abstract -An X-ray diffraction examination of alloy single crystals of Fe containing between about 
14 and 23 at.% A1 has revealed the existence of an intermediate temperature region in which long- 
range ordered phases based on the stoichiometric compounds Fe,,AI and FeAi coexist in equilibrium. 
This result is in excellent agreement with theoretical predictions which assume the Fe,Al type phase 
disorders by a first order transformation in alloys containing less than about 25 at.% Al. The /^-stale 
phenomenon in the Fe-Al alloys is discussed in terms of a revised segment of the Fe-Al phase 
diagram based on the present results. 


1. INTRODUCTION 

Dating from nearly 40 years ago when 
Sykes and Evans [1] showed that the thermal 
expansion and electrical resistivity of certain 
Fe-rich alloys of Fe and Al were dependent 
on the thermal history, considerable research 
effort has been devoted to investigating alloys 
of the Fe-Al system. That the peculiarities 
in the physical properties as a function of 
temperature were associated with structural 
changes in the alloy was shown by the classi- 
cal Debye-Scherrer X-ray investigation by- 
Bradley and Jay [2]. Their X-ray study 
established the existence of two long-range 
ordered phases based on stoichiometric 
Fe.iAl and FeAl, in addition to the disordered 
phase, in alloys containing up to about 
50 at.% Al. However because of the sluggish- 
ness of the kinetics and because the changes in 
physical and mechanical properties are often 
small and appear to be continuous, attempts to 
interpret these and subsequent experimental 
observations in terms of a phase equilibrium 
diagram have not met with complete success. 


* Present address: Oak Ridge National Laboratory, 
Oak Ridge, Tenn. 37830, U.S.A. 


In particular, the difficulty of obtaining 
convincing evidence for the coexistence of 
two phases in equilibrium has led to a con- 
troversy as to the thermodynamic order of 
the transformations, and, as a consequence, 
the form and details of construction of the 
phase diagram are not presently agreed upon. 

Because of the voluminous literature con- 
cerning this alloy system, a complete survey 
of the literature is impractical here. A brief 
summary follows, and a more extensive re- 
view can be found in reference [3] and in 
the original publications cited therein. 
Examples of proposed diagrams of state 
inferred from experimental observations are 
shown in Fig. 1. Figure 1(a) was proposed 
by Taylor and Jones [4] on the basis of pre- 
cision lattice parameters measured at tempera- 
ture using powder specimens. The indicated 
phase boundaries were inferred from the 
systematic changes of slope in plots of the 
lattice parameters as a function of alloy 
composition for fixed temperatures. Resolved 
diffraction lines from two phases in equili- 
brium were not observed; it was estimated 
that the lattice parameters of the proposed 
two phases differed by about one part in 
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measurements, (a) After Taylor and Jones [4] ; (b) after Davies [6]. 
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1000. In support of the existence of two- 
phase regions as shown in Fig. 1(a), Lihl 
and Ebel[5] have reported pronounced 
broadening of the fundamental reflections 
over two corresponding ranges of com- 
position. The latter authors, however, 
interpreted their results as indicating that 
the ordered Fe.^Al phase forms by a peritectoid 
transformation. 

Still other experimental results have been 
interpreted quite differently as regards to the 
phase relations, an example of which is shown 
in Fig. 1(b). This diagram, reported by 
Daviesl6], is consistent with the resistivity 
data of Seybolt[7], and the dilatometric 
measurements by Davies[6] and McQueen 
and Kuczynski[8J. 

In addition to the experimental work, 
statistical theoretical analyses have been per- 
formed, the results of which serve as useful 
guides in interpreting experimental results. 
Using quasi-chemical theory, Rudman[9] 
has shown that if the Fe.^AI type structure 


disorders by a first order transformation in 
alloys containing less than about 25 at.% A1 
while in higher A1 alloys disorder proceeds 
from Fe^AI to FeAl to the disordered phase 
by means of second order transformations, 
a phase diagram of the form shown in Fig. 2 
should result. If, on the other hand, the Fe^AI 
type structure disorders by a second order 
transformation at all compositions, Rudman 
predicted that the FeAl phase field should 
enclose the FCjAl field as shown in Fig, J (b). 
Houska[10] extended the theoretical treat- 
ment to include magnetic interactions. These 
interactions were shown to have a significant 
effect on the position of the phase boundaries. 

That the atomic arrangements in the con- 
ventionally denoted disordered phase are not 
random has been firmly established since the 
work by Thomasll I]. A more complete 
discussion of the short-range order occurring 
in these alloys is given by the authors in the 
succeeding paper [12], hereafter referred to 
as part 11. 



Fig. 2. Phase diagrani assuming Fe;jAl disorders by a first order 
transformation in alloys containing less than about 25 at 9^ Al 
after Rudman [9). 
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established. 

In spite of the large amount of research 
performed on this alloy system, no X-ray 
diffraction study of the phase relations 
utilizing single crystal samples has been 
reported. It has been the purpose of the 
present investigation to take advantage of the 
enhanced intensity and ease of interpretation 
of diffraction effects obtained using single 
crystal samples in order to study relatively 
weak superlattice reflections which might not 
be observable by the methods which have 
been used previously in studying the Fe-rich 
Fe-Al alloys. 

2. MATKRIALS, K^UIPMENT AM) PR(K’EI)tRES 

Fc and Al advertised to be 99-999 and 
99-9999 per cent pure, respectively, were 
purchased from United Mineral and Chemical 
Corporation. It was later ascertained [31 that 
(his measure of quality did not apply to inter- 
stitial impurities, and, in particular, that there 
may have been as much as 0-03 to 0-05 wt% 

C present in the Fe. 

After sectioning, the Fe was pickled in 
nitric acid and healed to 600T for about 2 hr 
in a stream of dry hydrogen. 'Fhe bulk sections 
of Al were cleaned with hot caustic solution. 

C harges of roughly 1 50 g each were weighed 
out to the desired compositions and melted 
in a resistance furnace under a pressure of 
five psig. of argon in high-purity, recrystallized 
alumina crucibles (99*7% Al.iOjj). These 
charges were then directionally solidified by 
two modifications of the Bridgman technique 
in order to grow large crystals. In either case 
the solid-liquid interface moved at about 
0-75 in. per hr. I'he alloys were homogenized 
by holding al temperatures between 1000° 


completely successful in that no swgk 
crystals as such were obtained', however, a 
reasonable percentage of the attempts resulted 
in large grained samples from which single 
crystal discs about 0T25in. thick and 0*60- 
0-75 in. in dia, could be cut. The discs were 
crystallographically oriented in such a way 
that the normal to the face was rotated about 
four degrees from the [210] direction toward 
the [200]. This orientation was used because 
it provided easy accessibility to the region 
of reciprocal space which was of principal 
interest and also maintained the sample al 
equal angles with the incident and scattered 
beams. The desired orientation was achieved 
within 0-2° for each crystal. 

Primarily because of the wide difference in 
melting points of Fe and Al some weight was 
lost in each of the melting operations. This 
required that each ingot be analyzed chemi- 
cally. The composition of each sample was 
determined by wet analysis of a section cut 
from the ingot at a location which was 
immediately adjacent to the single crystal 
disc. Because of the reported difficulty of 
chemically analyzing alloys of Fe and AI[I3], 
samples of known composition, made by 
mixing metallic powders, were submitted 
simultaneously with the ingot samples. The 
composition of these control samples was 
determined satisfactorily and is the basis 
for reporting the compositions of the five, 
Fe-alloy single crystal samples used in the 
investigation as 14-0. 15-8, I8'3, 21*3 and 
22-8 (each ±0-16) at.%AI. 

Sample heal treatment was carried out in 
flowing dry hydrogen; temperature control 
was maintained within ±3°C of the reported 
value. Unless otherwise specified, the sample 
was quenched to room temperature in water. 
After heat treatment, the samples were pre- 
pared for X-ray investigation by alternate 
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mechanical and chemical polishing in a 50-50 
solution of HCl and HNO., (by vol.). Back 
reflection Laue patterns of crystals prepared 
in this manner showed no evidence for 
deformed surface layers or pronounced 
mosaic structure. Further, Debye-Scherrer 
patterns of filings taken from the edges of 
the single crystals and stress relieved for one* 
half hour at 800°C had well resolved Ka-Ka^ 
doublets in the back reflection region; this 
indicated that composition gradients in the 
alloy samples were eliminated by the 
homogenization treatment. 

The X-ray measurements were made using 
MoKa radiation monochromated by diffrac- 
tion from the (200) planes of a doubly bent 
LiF crystal in the Warren-Chipman[16, 17] 
type diffuse scattering geometry. The main 
advantage of this geometry is increased in- 
tensity. This enhanced intensity makes it 
possible to detect and study scattering from 
samples which do not have well developed 
superstructure reflections. The half-wave- 
length component and other submultiples 
of the MoKa radiation were avoided by 
operating the X-ray tube at 3 1 kV and 20 ma. 
A scintillation detector [Nal (TI doped)] 
equipped with a single channel pulse height 
analyzer was used to record the scattered 
intensity. Because the K fluorescence from 
the Fe in the samples was so energetically 
different from the Mo^a radiation, it could 
be removed by use of the pulse height 
analyzer. Beam confining and receiving slits 
limited the divergence in the primary and 
scattered beams to less than 2°. 

Additional precautions which are more 
pertinent to the quantitative measurements of 
short-range order but which were also used 
for the present measurements are described 
in the subsequent paper, part II. 

3. RESULTS 

For the five alloy single crystals containing 
between 14*0 and 22-8 at.% Al in Fe, the X*ray 
scattering has been measured at room 
temperature after a series of selected heat 


treatments. A summary of the heat treating 
schedules is given in Table 1. Within this 
composition range, two long-range ordered 
structures, based on the stoichiometric com- 
pounds FeAl (B2) and FcaAl (DO:,) have been 
observed. The B2 type structure yields 
.superlattice reflections when hkl are all even 
and /i + /c + / is an odd multiple of 2*. The 
intensity of these reflections is sensitive to the 
distribution of Fe and Al atoms between the 
corners and centers of the small b.c.c. unit 
cells. The DO.^ type structure is characterized 
by Al atoms occupying centers of alternate 
small b.c.c. unit cells. This atomic arrange- 
ment gives rise to spectra at the same posi- 
tions as the B2 structure and to an additional 
set of superlattice reflections when hkl are 
all odd. 

Within the composition range investigated, 
the order intensity may vary from short-range 
order diffuse scattering to relatively intense 
superlattice reflections, depending on the 
composition of the alloy and its thermal 
history. This is illustrated in Fig. 3 which 
shows the distribution of intensity in the h^hjO 
plane of reciprocal space for the 18-3 at.% Al 
alloy. The diffuse intensity maxima displaced 
from the superlattice positions shown in 
Fig. 3(a) are characteristic of the short range 
ordered structures formed in this and the 
more dilute alloys. When the alloys are heat 
treated so as to produce long-range order, 
relatively intense superlattice reflections are 
produced as shown in Fig. 3(b). 

The absence, in all the cases investigated, 
of order intensity maxima at or near positions 
for which hkl are mixed is taken as conclusive 
evidence that the Fe,;,Al 3 structure which has 
been proposed [4] is not formed. However, the 
order reflections present in the Ihk^ plane do 
not permit one to distinguish between the 
DO;, and B2 types of structure. To distinguish 


*A1I Miller indices cited will refer to a unit cell con- 
taining 16 atoms which is obtained by doubling the usual 
b.c c. unit cell parameter in each of its axial directions. 
1 hese will be referred to as large and small unit cells, 
respectively, in the discussion 



Table 1 . Summary of the compositions and heat treatments investigated 
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*AI1 treatment was done in flowing dry hydrogen Unless otherwise specified, Q indicates the sample was quenched to room 
temperature in water. 
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Fig. 3. Distribution of scattered intensity in the plane of 
reciprocal space for the iron'18‘3 at. % Al alloy. Uncorrected 
data in arbitrary units, (a) Sample quenched in water from 85(rC; 
(b) sample annealed 168 hrat 250‘’C after quenching from 85(fC, 


between these two types of order, it is con- 
venient to measure the scattered X-ray 
intensity along the cube diagonal in reciprocal 
space. This has been done for each of the five 
alloys after annealing at temperatures be- 
tween 140° and 850°C. From the results of 
these X-ray measurements, a revised segment 
of the Fe-Al phase diagram as shown in Fig. 4 
is proposed. The proposed phase diagram 
based on the present results is fundamentally 
different from previously reported experi- 
mental work in that an elevated temperature 
region in which long-range ordered phases 


based on FeAl and he.^AI coexist has been 
established. 

The temperature dependence of the order in 
the 22*8 at. % Al alloy is illustrated by the 
intensity distributions shown in Fig. 5. Exten- 
sive long-range order of the DO 3 type is 
found at 250°C as shown by the intense 
superlattice reflections in Fig. 5(a). Similar 
diffraction patterns are obtained when this 
alloy is annealed at 425° and 470°C, except 
that the intensity of the superlattice reflec- 
tions decreases with increasing annealing 
temperature. 
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Fii! 4. Rcvjsjon of ihe Fc-A] phase diagram according lo 
the present results 

Another chanicleristic type of diffraction 
pattern is obtained when the 22-8 at, % alloy 
is annealed between about 495° and 540°C as 
is shown in Fiy;. 5{b). The fact that the (222) 
supcrlattice reflection is more intense than the 
(111) results from the fact that the B2 type 
structure contributes only to this ( 222 ) 
reflection and not to the (111) and (333), the 
latter two being superlattice reflections for 
the DO;j phase. 

In order to confirm the existence of this 
two-phase region, equilibrium has been 
approached from the DO 3 type, highly 
ordered, low temperature state and also from 
the B2 type, weakly ordered, higher tempera- 
ture state. Within the sensitivity of the 
experimental method being used, identical 
results were obtained. Similar results were 
obtained for an alloy containing 21*3 at. % Al 
as is reflected in the construction of Fig. 4. 


In contrast, when the 22*8 at. % Al alloy is 
annealed at higher temperatures, between 
about 540°C and 850°C, a diffraction pattern 
of the type shown in Fig. 5(c) is obtained. 
The presence of the broad (222) reflection 
(at about 24*6°2^) and the absence of ( 1 1 1 ) and 
(333) superstructure reflections denotes the 
presence of B 2 type order. That the domains 
of the B2 type order are small is indicated by 
the broad (222) peak. In addition, the presence 
of diffuse intensity maxima in the vicinity of 
the (111) and (333) superlattice reflection 
positions is interpreted to mean that on a 
scale even smaller than the size of the ordered 
domains, there is a definite tendency for Al 
atoms to avoid being second nearest neighbors. 

The temperature dependence of order in 
the 18-3 at. % Al alloy is fundamentally 
different from that of the higher Al alloys. 
For annealing temperatures between about 
395° and 85()°C, there is no evidence for the 
presence of long-range order; however, there 
is considerable short-range order in the 
atomic arrangement. Figure 6 presents two 
typical diffraction patterns showing modula- 
tions in the diffuse scattering observed along 
the /ij = /?2 = Ih line in reciprocal space. In 
addition to the order diffuse maxima in 
the vicinity of the DOj type superlattice 
positions, there are other features character- 
istic of these patterns which are due to atomic 
displacements. The background is always 
high between the ( 111 ) and ( 222 ) positions, 
there is a sharp decrease in the background 
intensity immediately beyond the ( 222 ) 
position, and the order diffuse maximum 
associated with the ( 222 ) position is dis- 
placed toward lower angles. These modula- 
tions in the diffuse scattering caused by atomic 
displacements (or atomic size-effect) will be 
discussed more extensively in part II. 

As will be discussed at length in part II, 
the short-range order present in these more 
dilute Al alloys is predominantly of the DO 3 
type; however, there is qualitative information 
that some B2 character is assumed in the 
18*3 at. % Al alloy for annealing temperatures 
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between about 480'’ and 530T. It may be 
significant that this corresponds approximately 
to the temperature range in which long-range 
order of the DO^ and B2 types coexist in the 
higher A1 alloys. 

No long-range order was observed in alloys 
containing 15*8 and 14-0 at. % Al; however, 
there was considerable structure in the diffuse 
scattering. Typical diffraction patterns for 
these more dilute alloys are shown in Fig. 7. 
The 1 4 0at. % Al alloy is practically unrespon- 


sive to annealing at 250°C following quenching 
from 850°C. 


4. DISCUSSION 

In constructing (he phase diagram shown 
in Fig. 4, recourse has been made to published 
experimental results in labelling the phase 
field denoted as disordered (aj plus ordered 
FcyAI (a,). This construction, at low tempera- 
ture, is consistent with the lattice parameters 



Fig 7 l/ncorrected X-ray mlensily scattered along the 
/fi = /ij = A, line in reciprocal space by two alloys which 
do not exhibit long-range ordering, (a) Fe-15-8 iil.% Al 
quenched from 850T. (b) he-lS-S at.% Al quenched 
from 850®C and annealed 10 hr at 250T. (c) Fe-t4 0 
al.% Al quenched fromSSOT. 
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measured at temperature by Taylor and 
Jones (4] and with the anomalous peak widths 
reported by Lihl and Ebel[5]. In addition 
recent dark field electron microscopy by 
Lutjering and WarlimontllS, 19] has yielded 
primary evidence for the coexistence of a 
disordered phase and the ordered DOn 
type structure below about 500T. 

The present work is the first to demonstrate 
the existence of the elevated temperature 
region comprised of ordered phases based on 
the DO;} and B2 type structures. The present 
results are in excellent agreement in this 
respect with the statistical theoretical results 
by Rudman[9] as shown in Fig. 2. Conse- 
quently, the present experimental results 
can be taken as evidence for the correctness 
of Rudman’s assumption that, in alloys 
containing less than about 25 at. % Al, the 
Fe-iAl type phase disorders by a first order 
transformation. 

The construction of the Fe-AI phase dia- 
gram in the composition range from 20 to 
about 25 at. % Al and at temperatures above 
the two-phase + field remains in ques- 
tion, Earlier work [9, 13] has been interpreted 
as evidence that the B2 type structure 
disorders by a second order transformation. 
However, recent transmission electron 
microscopy work by Swann and Fisher [20] 
has been interpreted in terms of the coexis- 
tence of a disordered phase with the B2 type 
ordered phase and, hence, that this trans- 
formation is also of the first order. This 
interpretation is not inconsistent with the 
diffraction effects observed in the present 
investigation but would simply imply that the 
horizontal line in Fig. 4 at about 495°C 
represents a eutectoid. However, the experi- 
mental technique being used in the present 
research is not well suited for detecting the 
presence of a disordered phase if an ordered 
phase having a similar unit cell size is also 
present. It is for this reason that a dotted 
vertical line at 20 at. % Al is shown in 
Fig. 4. 

There is an interesting correlation between 


the phase relations in the Fc-rich Fe-Al 
alloys according to the present investigation 
(Fig. 4) and the occurrence of the K-smt 
phenomenon as reported by Thomastll] 
and Davies [6]. Thomas noted that within 
certain composition ranges marked increases 
in electrical resistance could be induced by 
subjecting the alloy to a low temperature 
anneal following quenching from high temp- 
erature or following cold-working. For 
example, an 18-8 at. % Al alloy exhibited 
the A'-state behaviour while one containing 
2 1 '4 at. % Al did not. Except for the very 
dilute alloys, this /^-state behavior could 
be produced by the low temperature anneal 
following quenching of the alloys from within 
the disordered field. The lower concentration 
limit for which the /C -state phenomenon 
occurs corresponds approximately to the 
lower limit for which short-range order has 
been observed. 

In general, for a given alloy the change in 
electrical resistivity is inversely related to 
the disorder in the structure, However, when 
a range of composition is considered, it is 
found|]l,21] that the specific electrical 
resistance of alloys equilibrated al 300°C 
and quenched to room temperature, for 
example, goes through a maximum somewhere 
within the two-phase field and subsequently 
decreases to a value at stoichiometric FcsAl 
which is lower than that for the disordered 
phase. This composition variation of the 
resistance is suggestive of significant contribu- 
tions due to strain energy changes accom- 
panying the ordering process, an effect which 
has been noted in other systems [22]. 

Strain energy considerations of this type, 
however, are inadequate for explaining the 
changes in electrical resistance on annealing 
for a given composition. The explanation of 
this behavior may lie in changes in the elec- 
tronic structure which occur when Al is 
alloyed with Fe. The transition element Fe 
has unfilled id states and is slightly more 
electro-negative than the solute Al. There is 
evidence in the literature which supports 
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the concept that there is some departure 
from the metallic type bonding in going 
from the disordered to ordered states in 
this alloy system. Studies of the fine struc- 
ture of the absorption edge of Fe in the pure 
materia] and in some of its alloys with Al by 
Murty and Azaroff(23]; Nemnonov and Kolo- 
bovaf24]; and Nemnonov, Finkel’shtein, and 
Kolobova [25] have been interpreted in terms 
of changes in the electronic structure of the 
absorbing atom, Fe, on alloying. It was con- 
cluded that there is a tendency toward forma- 
tion of covalent type bonds in the ordered 
FeAl and Fe^Ai structures, Fe-jAl being 
intermediate between pure Fe and ordered 
FeAl in this respect. In view of these argu- 
ments, it does not appear unreasonable to 
conclude that the anomalous decrease in 
electrical resistivity observed when a K- 
state alloy is deformed or disordered by heat 
treatment results basically from the disrup- 
tion of the tendency to form covalent bonds 
and the attendant return toward metallic 
type bonding. 
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AN X-RAY SINGLE CRYSTAL INVESTIGATION OF 
IRON-RICH ALLOYS OF IRON AND ALUMINUM -11. 
DIFFUSE SCATTERING MEASUREMENTS OF SHORT- 
RANGE ORDER IN ALLOYS CONTAINING 14 0 AND 
18-3 AT.% ALUMINUM 

J. E. EPPERSON* and J. E, SPRUIEI.L 

Department of Chemical and Metallurgical Engineering, University of Tennessee, Kno;iville, 

Tenn. 37916. U.SA 
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Abstract-The X-ray diffuse scattering from alloy single crystals of Fe-14 0 and Fe'18-3at.% Al 
quenched from 850T has been measured throughout a volume in reciprocal space sufficient to permit 
the order and atomic displacements modulations to be separated. From these separated components, 
three-dimensional order and atomic displacements coefficients were determined. The short-range 
order in the arrangement of the atoms is tending toward the DO, type arrangement, the ordered 
structure being more fully developed in the more concentrated alloy The modulations a.ssocialed with 
the atomic displacements are shown to be responsible for many of the characteristic features of the 
diffuse intensity distributions. 


1. INTRODUCTION 

In the preceding paper[l], referred to here- 
after as part I, an X-ray investigation of Fe- 
rich single crystals containing between about 
14 and 23al. % Al was discussed from the 
standpoint of the equilibrium phase relations. 
It was shown there that the Fe-rich terminal 
solid solution contains a high degree of short- 
range order as well as a large atomic size (or 
displacements) modulation of the diffuse 
X-ray scattering. The present paper presents 
quantitative measurements of the short-range 
order and atomic displacements parameters in 
two alloys containing, respectively, 14*0 and 
18'3at.%AI. 

The fact that the Fe-rich terminal solid 
solution is short-range ordered has also been 
shown by several previous investigators. 
Lawley and Cahn[2] and Davies [3] have 
surveyed the diffuse scattering of several 
alloys in the range 16-23 al, % Al using poly- 
crystalline samples. While these investigators 
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showed that short-range order occurs in the 
terminal solid solution, no quantitative inter- 
pretation was attempted. 

Vlasova[4] and Vlasova and lveronova[51 
have investigated alloys containing from 6 to 
28*2 at. % Al using single crystal samples and 
film registration to study the diffuse intensity 
distribution. Based on their measurements it 
was suggested that observed displacements of 
the diffuse maxima were produced by a large 
atomic size-effect and that the solution may 
consist of small aluminum enriched zones 
randomly dispersed in a disordered matrix. 
These zones were thought to have FcsAI 
(DO3) type structure but to be so small that 
order probably did not extend beyond the 
third coordination shell. 

The only previous investigation which 
attempted to obtain quantitative information 
on the atomic arrangements in the short-range 
ordered solutions was that of Houska and 
Averbach [6]. These investigators measured 
the X-ray diffuse scattering from surface- 
ground polycrystalline strips containing 
between 15 and 20at. % Al. The first three 
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onJer and size-effect coefficients were de- 
rived from the corrected diffuse intensity, and 
the order coeffidenis indicated a tendency 
toward the DOj type structure in the dilute Al 
alloys. 

Because the single crystal technique « 
mVvcTtxvi.l'y mote accwaie atvd mote castty 
interpreted and because no quantitative three- 
dimensional single crystal measurements had 

bm made, if wds thoughi to be worthwhile to 
make this analysis using recently devised 

three-dimensional analytical techniques[7) 
for separating the size-effect modulations 
from those due to the short-range order. The 
Fe-Al system, with its large atomic size- 
effects, seemed to be a logical system to which 
to apply this separation technique. 

2. X-RAV DIFFRACTION THEORl 
According to kinematic diffraction theory, 
the total coherently scattered X-ray intensity, 
at a given position in reciprocal space is 
given in electron units as 


Relative to an arbitrarily chosen origin, the 
average interatomic vector is given by 

where I. m and n art integers and a„ a ■ j 
are the translation vectors of the 'Lbk 
cell. The continuous varisWes in redpr^Hi 
space, hi, //? and h,, are related to the diffne- 
lion vector by the relationship 

+ (4) 

where b,, and b,T are vectors reciprocal lo 
ai/2, flu/: and aJ2. The Warren order para- 
meter anm, is defined by 

I (5) 

where Fi^,^ is the probability of finding a F 
atom as an [Inm) neighbor of an A atom. The 
atomic displacements parameters are defined 
by relationships of the form 


simted at Mies p and q. k >s n lime 
the diffraclion veclor. and '> > e’ int 
ytomie vector, il is eonventiona/ (0 consider 
the coherently scattered intensity from (nnaiy 
,olid solutions as being composed ofimi parts 
one part associated with the sharp fundamental 
reflections and the other with the diffuse 
scattering. For a linear approximaoon of the 
displacement of the atoms off the average 
lattice sites, the diffuse intensity associated 
with the atomic order and atomic displace- 
ments, specialized for body- or face-centered 
:ubic binary alloys, can be expressed as 
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the average atomic sites, 
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Equation (2) represents a generalization by 
Borie and Sparks(8] of the treatment of short- 
range order due to Cowley [9] which had been 
modified by Warren, Averbach and Roberts 
I lOJ to include the first-order size-effect. 

The treatment by Borielll], later gener- 
alized by Sparks and Borie [7], which takes 
advantage of the fact that the atomic order 
and atomic displacements modulations ex- 
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hibit different symmetry in reciprocal space 
can be employed to separate the diffuse 
intensity represented by equation (2) into 
components from which the a’s and y's can be 
recovered by Fourier inversion. 

3. PROCEDURES 

The details of single crystal growth and 
sample preparation were discussed in part I, 
and many of the details pertaining to equip- 
ment and experimental procedures used in 
making X-ray scattering measurements were 
also described. Those matters which were not 
discussed in part 1 and which are important 
for the present paper will now be described. 

For the quantitative determination of the 
Warren short-range order parameters, 
and the atomic displacement coefficients, 
the diffuse intensity was measured by 
counting for 100 sec at each of 1014 points 
located on a cubic grid throughout the volume 
element in reciprocal space shown heavily 
outlined in Fig. 1. Data must be available 



Fig. I, The volume in reciprocal space in which intensity 
data are required for b.c.c. structures when using the 
separation procedure based on the linear displacement 
approximation. 


throughout at least this volume in order to 
make the three-dimensional atomic size-effect 
separation by the procedure of Sparks and 
Borie[71. 

Since the present determinations were to be 
quantitative, sources of scattering other than 
that due to the local atomic arrangements had 
to be eliminated experimentally or appropriate 
corrections applied to the data. To this end the 
sample was mounted in an evacuated chamber 
of a liquid nitrogen cryostat; the radiation 
entered and left the chamber through beryl- 
lium windows covered with a polyester film. 
The evacuated sample chamber and appro- 
priately placed baffles and scalier slit elimin- 
ated air scattering while an approximate 
correction for temperature diffuse scattering 
(TDS) was evaluated by making measure- 
ments at both room temperature and I36'’K. 
Assuming that the TDS varies linearly with 
temperature, this TDS correction was deter- 
mined by extrapolation of the data to (FK. A 
correction for Compton modified scattering 
was computed using the incoherent scattering 
functions calculated by Freeman [12, 13]; this 
correction was applied after the data were 
converted into absolute units. 

The intensity measurements were converted 
to absolute units (electron units per atom, 
/pu/A/) using the expression 

where is the molecular weight of the 
sample; flip is the mass absorption coefficient; 
Nft is Avogadro's number; p is the appro- 
priate polarization factor; ie^lmc^) is the 
classical electron radius; R is the distance 
from the sample to the detector; / is the 
measured intensity; and is the power in the 
incident X-ray beam. All the parameters 
appearing in this expression are either 
tabulated or are easily obtained experimen- 
tally with the exception of Fo- The value of 
was measured using the ‘nearly perfect’ 
crystal technique proposed by Balterman, 
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Chipman and De Marco[14]. The atomic 
scattering factors of Fe and AI used in the 
analysis of the present results were measured 
experimentally and are being reported 
elsewhere! 15]. 

The bulk of the laborious calculations 
necessary for conversion of the raw intensity 
data into absolute units, application of the 
necessary correction factors, and Fourier 
inversion of the separated components was 
facilitated by use of a series of digital codes 
[ 1 6] and an I BM 7040 computer. 

4. RESm.TS AND INTERPRETATION 

The diffuse X-ray scattering was measured 
throughout the volume element shown in Fig. 
1 for the Fe-18-3 and Fe-14-Oat. % AI alloys 
after water quenching from 850°C. These data 
were converted into absolute units and cor- 
rected for TDS and Compton scattering as 
described above. The Bragg peaks and the 
Huang scattering in their immediate neigh- 
borhood were removed by a smooth extra- 
polation of the diffuse scattering data. The 
remaining diffuse intensity was separated into 
components due to the short-range order and 
to the first'Order size-effect. Warren short- 


range order parameters, were obtained 
by Fourier inversion of the local order 
component of the diffuse intensity and are 
presented in Table 1, columns two and four. 
Tables 2 and 3 present the atomic displace- 
ments parameters for the Fe-18-3 and Fe-14-0 
at. % AI alloys, respectively. 

For purposes of easy comparison, the order 
coefficients for perfectly ordered stoichio- 

Tohle 2. Three-dimensional first- 
order size-effect parameters for the 
/Von- 18-3 at. % aluminum alloy 
quenched from 850°C 
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0-005 
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244 

0 005 

0-005 

0-000 

444 

0 005 

0-005 

0-005 


Table 1. Three-dimensional short-nin}^e order parameters the /rof?-14’0 

and /Von- 18-3 at. % aluminum alloys quenched from 850°C 
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Experimental 
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Calculated 

/niN 


from model 




000 
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-1*000 

-0*333 
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1*000 

-0*333 
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-0*003 

1*000 

1*000 
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Table 3. Three-dimensional first- 
order size-effect parameters for the 
iron-\A '0 at. % aluminum alloy 
quenched from 850°C 


Imn 

yfffli 

ymnl 

y n/rK 

000 

0 000 

0-000 

0 000 

Ml 

-0-334 

-0-334 

-0-334 

002 

0000 

0-439 

0-000 

022 

0-055 

0-054 

0-000 

M3 

0-036 

0-001 

0036 

2:2 

0-015 

0-015 

0-015 

004 

0-000 

0-025 

0-000 

133 

-0-019 

-0-019 

0-008 

024 

-0 046 

0-029 

0-000 

224 

-0-012 

0-000 

-0012 

333 

-0-017 

-0017 

-0-017 

044 

0-028 

0-027 

0-000 

244 

0-0 M 

0-011 

-0-002 

444 

-0-003 

-0-003 

-0-003 


metric FeAl (B2) and FcsAI (DO.-,) are also 
included in Table 1. From the sixth column, 
it can be seen that if the local atomic ar- 
rangements were of the kind which, if ex- 
tended, yield DOa type long-range order, the 
first two coordination shells would show a 
preference for atoms unlike the one at the 
origin, the third shell would show a prefer- 
ence for like atoms, etc. This sequence of 
preference is altered when the local atomic 
arrangements are of the B2 type as can be 
seen from column five. In particular, one 
finds in the case of B2 type order that the first 
coordination shell shows a preference for 
unlike neighbors, but the second and third 
shells tend to be populated with atoms like the 
one at the origin, etc. 

Short-range order in the Fe-I8-3 at. %Al alloy 
Comparison of the experimental as in 
column two of Table 1 with the calculated 
values in columns five and six indicates that 
the atoms in this sample are tending toward an 
arrangement similar to that in long-range 
ordered Fe:,AI. This statement is based on the 
observation that the signs of the as are 
‘correct’ through the first eleven coordination 
shells, except for the fourth (aau); however, 


this characterization must be explored further 
because the magnitudes of the order coeffi- 
cients are quite small beyond the first shell. 
The value of zero corresponds to random 
occupancy of the coordination shell in ques- 
tion. 

The large negative value of ani is proof that 
unlike first nearest neighbors are strongly 
preferred in the 18'3 at. % A1 alloy. The maxi- 
mum negative value a^j can take on for this 
composition is -0-224. The value of -0*202 
obtained in the present experiment means that 
when this alloy is quenched from 850T, on 
the average about 98 per cent of the first 
nearest neighbors of the A1 atoms are Fe 
atoms. 

In view of the facts that rather well defined 
diffuse intensity maxima arc found in the 
vicinity of the FcgAI superlattice reflection 
positions (see Fig. 6(b), part I) and that first 
nearest neighbor ordering is so nearly com- 
plete, it is somewhat surprising that the experi- 
mental value of a2(K) is so small. The value of 
-- 0*007 for means that on the average 
about 82 per cent of the second nearest 
neighbors of A) atoms are Fe atoms. The 
surprising fact is that this is only about one 
half of one per cent above the random value. 

The explanation of this virtual random 
occupancy of the second coordination shell 
about the Al atoms is thought to be associated 
with the fact that ajoo differs in sign for the 
DO3 and B2 type structures. It does not 
seem unreasonable to describe qualitatively 
the local-order structure of the Fe'18*3aL % 
Al alloy after quenching from 850^^0 as con- 
sisting of a mixture of regions in some of 
which there is a tendency toward the DO3 
structure and in others a tendency toward the 
B2 structure, with the predominant tendency 
being to form the DO., type short-range order. 
A more appropriate characterization might be 
to describe the structure as having a strong 
tendency toward superposition of DO 3 type 
short-range order on the B2 type. 

In order to assess the validity of these 
conclusions, a model incorporating these 
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requirements for the atomic arrangements has 
been developed. A schematic representation 
of the model for the short-range structure of 
the 18-3 at. % AI alloy after quenching from 
850°C is presented in Fig. 2. The section of 
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hig. 2. Model lor the short-range structure in the Fe-lS-} 
at C? A I alloy after quenching fiom K50T. 


crystal shown in this figure contains 290 
atoms, 53 of which arc AI, and its composition 
corresponds to that of the experimental alloy. 
The planes shown in Fig. 2 are stacked one 
above another, plane (b) above plane (a), etc. 

The (X[,n„ for the atom arrangements shown 
here were calculated from their definition by 
counting the number of AI atoms in the ap- 
propriate coordination shell about each of the 
53 AI atoms. For (his model, the calculations 
were performed on the assumption that all 
atoms outside the region shown are ‘statisti- 
cally average' atoms, except that there can be 
no first nearest neighbor Al-AI pairs formed 
with the atoms in the surfaces of the region 
shown in Fig. 2. The partial B2 character of 
the short-range order was built into the model 
by requiring that a^w) from the model agree 
with the experimental value. Order coeffi- 
cients for the first six coordination shells 


calculated from this model are given in Table 1, 
column three. 

Through the first three coordination shells, 
the atom positions were adjusted manually in 
such a manner as to optimize the agreement 
between the calculated and experimental order 
coefficients. From the resulting atom arrange- 
ment, the next three order parameters were 
calculated. This was done for convenience 
and also in order to determine to what degree 
the inner shell coordination parameters are 
capable of characterizing the ordered system, 
i.e. to determine whether an arrangement of 
atoms forced to be consistent with the first 
three order parameters will predict satisfac- 
torily the atom preferences in the succeeding 
shells. The tabulated results show that only 
limited success was attained. The moderate 
agreement with respect to was gratifying 
in that, as has already been noted, the experi- 
mental value is different in sign from the 
calculated value for both DOj and B2 types of 
order. Also the calculated value is in excellent 
agreement with respect to the sixth shell 
(aAm)\ however, the model calculation is in 
serious disagreement with respect to the fifth 
shell. Present experience leads one to be 
confident that better agreement of the values 
calculated from the model with the experi- 
mental «’s could be obtained by increasing the 
number of atoms in the model and by continu- 
ing to make minor adjustment.s in atom ar- 
rangements. However, when doing the com- 
putation manually, this becomes an extremely 
laborious task, and the anticipated results do 
not adequately Justify the expenditure of time. 

Short-ran^e order in the Fe-14-0 %Al alloy 

The order coefficients for the 14-Oat. % AI 
alloy are given in column four of Table 1 . The 
large negative value of a,,i (“0'113) indicates 
that only about five per cent of the closest 
neighbors of the AI atoms are other AI atoms. 
For the higher order coordination shells, 
there is a marked tendency for agreement 
between the order coefficients for the two 
alloys, the principal exception being a^ao- 
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Thus a tendency to form the same type of 
short-range order for the two alloys is indi- 
cated; however, it is considered prudent to 
inject a word of caution at this point. As will 
be shown in the following section, the modu- 
lations in the diffuse intensity due to the ato- 
mic displacements are quite large in compari- 
son to those due to the short-range order for 
the alloy containing 14'0at. % Al. For this 
reason it is felt that the order parameters for 
the more dilute alloy are less accurate than 
are the corresponding parameters for the 18-3 
at. % Al alloy. 

The atomic displacements (size-effect) 

The effects due to the short-range order of 
the atoms do not, in themselves, adequately 
describe the observed modulations in the 
diffuse intensity scattered from Fe-rich Fe-Al 
solid solutions. This fact is obvious from a 
casual inspection of the distributions of the 
diffuse intensity; for example, see Figs. 3(a), 
6 and 7, of part I, This fact is further il- 
lustrated by Fig. 3 of this paper. Parts (a) and 
(b) of Fig. 3 show the intensity scattered from 
the 18-3 at. % A! alloy along the — 


and h, = /i 2 = /i;j lines, respectively, in reci- 
procal space expressed in absolute Laue 
monolonic units, In Fig. 4 the large atomic 
displacements modulations alone are shown 
along the /ij = = /i.j line. The smoothed 

atomic displacements function shown in Fig. 4 
was reconstructed from its definition using the 
appropriate component of the separated data. 
The atomic displacements modulations along 
the hi = /i .2 = /t.i line clearly illustrate the 
origin of the peculiar features of the diffrac- 
tion patterns shown in Fig. 3(b) of this paper 
and in Figs. 6 and 7 of part 1. The high back' 
ground between the (1 1 1 ) and (222) positions 
and the sharp decrease in intensity im- 
mediately beyond the (222) position result 
from the asymmetry of the atomic displace- 
ments function about the (222) position. The 
convolution of the short-range order and 
atomic displacements modulations also causes 
the diffuse maximum associated with the (222) 
position to be displaced toward lower angles 
and to have a higher peak intensity. There is a 
lesser effect of atomic displacements on the 
(III) position. It is also the atomic displace- 
ments effect which is responsible for the 



Fig. 3. Scattered X-ray intensity for the Fe*18-3 at. ^ Al alloy after being 
quenched from 850®C. Data were Corrected from Compton scattering and 
divided by the Lane monotonic unit. 




1740 


J. E. EPPERSON and J. E. SPRUIELL 



^ ig. 4 Atomic-displacements modulations along the /ij = 
/i, line for the Fe-I8-3 at. % A! alloy quenched from 
850T. 


subsidiary maximum between the (111) and 
(222) positions, a feature which is especially 
prominent in the more dilute alloys. 

As was discussed in the previous section, 
the diffuse scattering modulations due to 
short-range order decrease with decreasing A! 
content. However, the coefficients presented 
in Tables 2 and 3 indicate that the modulations 
due to the atomic displacements increase 
somewhat with decreasing Al content in the 
compositions investigated. The differences 
between the values of the atomic displace- 
ments coefficients for the lower order co- 
ordination shells for the 14*0 and 18*3 at. % Al 
alloys are quite real as is apparent even in the 
separated data. Hence, for the Fe-AI alloys 
which have been heal treated so as to produce 
short-range ordered structures, the atomic 
displacements modulations are comparable in 
magnitude to those due to the atomic order, 
and in the more dilute alloys, the size-effect 
modulations tend to dominate. 

Effects of atomic displacements have also 
been noted in diffraction patterns from some 
of the higher Al alloys heat treated so as to 
yield long-range order of the DO;, type. In 
particular the subsidiary maximum due to the 
atomic displacements between the (111) and 
(222) positions has been observed to persist 
even after long-range order is well established. 
Of course in the long-range ordered structures, 


it is weak in comparison to the superlatlice 
reflections. Its intensity decreases with 
increased Al content from 18*3 to 22*8 per 
cent. The atomic displacements modulations 
observed in these higher Al alloys appear to be 
associated with the proposed two-phase 
nature of these alloys after low temperature 
heat treatment (see part 1). The disordered 
terminal solid solution in equilibrium with the 
long-range ordered Fe:jAl type phase should 
still exhibit short-range order and the atomic 
displacements effect. Since the amount of 
terminal solid solution decreases with in- 
creasing Al content in the two-phase region, 
the diffraction effects associated with the 
atomic displacements in the terminal solid 
solution should also decrease with increasing 
Al content in agreement with observations. 

Since the atomic displacements coefficient 
is a measure of the mean local deviation of an 
atom off the average lattice site, depending on 
the type of atoms at the termini of the inter- 
atomic vector, the occurrence of both positive 
and negative y s in Tables 2 and 3 is signifi- 
cant. This means that, although the Al atom is 
larger than that of the Fe, the distance 
between Al-Al pairs is less than the inter- 
atomic distance computed from the average 
lattice for some coordination shells. This 
must be due to the high probability of smaller 
Fe atoms occupying sites in the neighborhood 
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of the interatomic vector connecting two A1 
atoms for these coordination shells. 

The experimental parameters given in 
Tables 2 and 3 also show that the Warren- 
Averbach-Roberts size-effect theory [10] is 
not quite adequate for representing the 
atomic displacements in these alloys. As was 
discussed by Borie and Sparks [8], the WAR 
theory assumes that all the displacements off 
the average lattice sites are parallel to the 
interatomic vector, and it yields a set of size- 
effect coefficients, which are independent 
of the order of /, m and n. In other words, all 
should be the same for a given coordin- 
ation shell. If this assumption were adequate, 
the y’s reported here would be related to the 
WAR jS’s by y( 

and = Thus = = 

y\\Jn. These relationships certainly hold for 
the highly symmetric combinations of Imn 
such as 1 1 1, 222, 200, 220, etc. However, for 
the less symmetric combinations, the above 
relationships are found not to hold. For 
example, from Table 2 for the 18'3 at. % Al 
alloy yj,,/l= 0*022, but y?W3 = -0*007. 
Similarly from Table 3 for the 14*0 at. % Al 
alloy y\J] = 0*036, but y?:n/3 = 0*000. 

Since there are so few Al-Al nearest 
neighbor pairs in these alloys, 2 per cent in 
the 18*3 and 5 per cent in the 14*0 at. % Al 
alloy, it is possible to obtain a good approxi- 
mation of the atomic displacements in the 
first coordination shell. For purposes of this 
calculation, it is assumed that there are no 
nearest neighbor Al-Al pairs. For the Fe- 
18'3 at. % Al alloy, the Fe-Fe nearest 
neighbor pairs are found to be closer than 
would be calculated from the average lattice 
by the amount; 

/a, a-A 
65'rr^-- 0*0052 (y + y + yj. 

Since volume must be conserved for a given 
coordination shell, it is also possible to 
calculate the displacement of the Fe-Al 
closest neighbor pairs. These unlike nearest 


neighbors are found to be more widely se- 
parated than one would calculate from the 
average lattice by 

= 0-009o(^+|+^). 

Similar calculations for the Fe-14 0at. % Al 
alloy yield the following; 

6;rf'' = -0-0047(1+1+1), 
and 

0-012(1+1+^). 

It is interesting to compare the experimental 
atomic displacements parameters with some 
calculations based on a hard sphere model. 
For purposes of this comparison, it is as- 
sumed that both the Fe and Al atoms retain 
their pure state size, Fe having its normal 
eightfold coordination and Al having a hypo- 
thetical bcc structure [17]. Because there are 
so few Al-Al pairs in the first coordination 
shell, the calculated result is relatively in- 
sensitive to the choice of the size of the Al 
atom. On the basis of the hard sphere model, 
y{,j is calculated to be -0*327 and -0*297 for 
the Fe-18*3 and Fe-14 0 al. 7c Al alloys, 
respectively. Expressed alternately, these 
results give 

6;rf'‘^ = -0-0064(^+^+^) 
and 

S[fA' = 0-011(1 + 1+1) 

for the 18-3 al. 7c Al alloy. For the 14-0 at. 7f 
Al alloy, one finds 

6f5'l'‘ = -0-0040(^+| + |‘) 
and 

= 0 - 010(1 + 1 + 1 ). 
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These calculations of the nearest neighbor 
atomic displacements based on the hard 
sphere model are in sufficiently good agree- 
ment with the experimental results to indicate 
that it is reasonable, as a first order approxi- 
mation, to assume that the Fe and Al atoms in 
solution maintain their pure state size. Thus, 
for the Fe-AI alloys very significant atomic 
displacements modulations in the diffuse 
scattering could have been predicted on the 
basis of this crude model. 

5. GENERAL DISCUSSION 

The results of the present investigation 
have shown that the Fe-rich Fe-Al terminal 
solid solutions quenched from 850°C are 
highly short-range ordered. The local atomic 
arrangements are such that a tendency 
toward the formation of a DO^ type super- 
lattice is distinguishable in the short-range 
structure, although there are also a greater 
number of second nearest neighbor Al pairs 
than might be expected on this basis alone. 
That there is some FeAl character in the local 
order is not surprising in view of the fact that 
B 2 type superlattice reflections are possible 
in alloys containing as low as about 20-5 at. % 
Al as shown by Fig. 4 of part I. As has been 
pointed out in Part I, the FeAl character in 
the order appears to be most significant 
between about 480^ and 53()°C in alloys 
slightly less rich in Al than those for which 
long-range ordered DO^ and B2 type super- 
lattices have been shown to exist. It would be 
of interest if order coefficients were deter- 
mined in this region. 

The experimental order coefficients re- 
ported by Houska and Averbach [ 6 | afford 
some comparison with the present results. 
They measured only the first three using 
surface ground polycrystalline samples. A 
direct comparison with the present results is 
not possible because of differences in com- 
position and measuring temperatures. Never- 
theless, both investigations are in general 
agreement that the atomic arrangement in 
the locally ordered alloys is tending toward 


a DO 3 type structure. There are some points, 
however, which appear to be in substantial 
disagreement. For example, the present 
results indicate that there are far fewer Al-Al 
nearest neighbor pairs in the 18-3 at. % Al 
alloy than Houska and Averbach reported. 
Furthermore, the previous work indicated 
little difference in the short-range order para- 
meters of 14'8 and 18'2 at. % Al alloys; where- 
as, the present investigation indicates quite 
large differences in for the 14-0 and J8'3 
at. %AI alloys. 

Houska and Averbach also reported a set 
of Warren-Averbach-Roberts size-effect 
coefficients. Again these coefficients cannot 
be compared directly to the present atomic 
displacement parameters for the same reasons 
that the order coefficients could not and also 
because of the inadequacies in the Warren- 
Averbach-Roberts treatment which have 
already been discussed. These difficulties 
being recognized, the two sets of measure- 
ments are in general agreement. Both inves- 
tigations are in agreement that the size-effect 
parameter for the first coordination shell is 
negative and it is positive for the next two 
shells. In magnitude, too, the coefficients are 
in satisfactory agreement, except that the 
present single crystal measurements indicate 
that the values given by Houska and Averbach 
for /3,it in the 14-8 at. % alloy are somewhat 
low. 

If only Laue monotonic scattering modul- 
ated hy short-range order and the first order 
atomic displacements effect is present in the 
distribution of diffuse intensity, the value of 
should be unity. Abnormally large values 
of uo/wH ^uch as those observed in the present 
investigation, have plagued all previous in- 
vestigators who have made quantitative 
measurements of short-range order para- 
meters using single crystal samples and an 
independent method of standardizing the 
power in the incident beamf7, 18, 19]. There 
are several factors which could contribute 
to abnormally large values for aooo- These 
include parasitic scattering, fluorescence. 
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absorption, polarization, incoherent scatter- 
ing, errors in atomic scattering factors 
(including the dispersion correction), tempera- 
ture diffuse scattering, Huang (second order 
atomic displacement) diffuse scattering, and 
standardization of the beam power. The 
methods used in the present investigation 
to eliminate or to correct for these effects 
have already been discussed. 

A new technique for separating the order 
diffuse intensity from the components due to 
static atomic displacements (first and second 
order effects) and thermal motion has recently 
become available [20). This technique, re- 
ferred to here as the quadratic separation 
technique, should improve the correction of 
the data for Huang and thermal diffuse 
scattering. Although in the present investiga- 
tion data was not collected in a volume in 
reciprocal space sufficient to. permit this 
quadratic separation technique to be applied 
to recover three-dimensional a’s, sufficient 
data was available for the 18'3 at. % A1 alloy 
to permit recovery of two-dimensional order 
parameters, The are given in terms 
ofthea^,„;,by 

^ hn S 

A direct comparison of the value of 
using these two separation procedures is thus 
not possible. We may, however, compare 
values of A^) obtained from the two separa- 
tion procedures. The value of oblained 
from the older separation technique, namely 
1*659 is significantly greater than the value of 
M45 obtained by the quadratic separation 
technique. This result appears to confirm that 
the thermal and Huang scattering corrections 
are partially responsible for the abnormally 
large values of tt,KK). If an error is involved 
which contributes a uniform background 
intensity throughout the repeat volume, 
only a,)oo would be affected. On the other hand, 
if an error is involved which is not constant 
in the repeat unit, other a’s which character- 
ize the shape of the intensity distribution will 


be altered also. A final decision on this will 
have to wail until three-dimensional data 
have been taken which can be analyzed 
according to both separation procedures. 
However, the shape of the order component 
of the diffuse intensity in the hjhsO plane 
obtained from the quadratic separation is 
not very different from the shape of this 
component oblained from the older separation 
technique. Hence, it is unlikely that low order 
tt’s, other than will be appreciably 
affected. 
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EXCHANGE CONSTANTS IN ORTHOFERRITES 
YFeOs AND LuFeO^* 

G. GORODETSKY 

Department of Electronics, The Weizmann Institute of Science, Rehovot, Israel 
[Received 1 November 1968) 

Abstract-Tbe exchange interaction with nearest neighbors J,, next nearest neighbors J^, and the 
spectroscopic splitttng factor g were, determined for two orthoferrites VFeOj and I.uFeO,,. A high 
temperature analysis of the paramagnetic susceptibility yielded the following results; For YFeO„ 
y,M =^-27-2±l‘’K, iyi5: = -l-2±0-2"K, g = 2-05±01, and for LuFeO,. = -24-2± TK, JJk = 
-1 ±0'nc, g = 2-00 ^0*05. Compatible values of were found from the low temperature suscepti- 
bility measurements and N6el point. 


1. INTRODUCTION 

The orthoferrites YFeO^ and LuFeOg 
represent a class of weak ferromagneis with 
a perovskite structure, in which the magneti- 
cally ordered ions lie approximately on a 
simple cubic lattice. Each iron ion is coupled 
through the 0^' ions by a superexchange to 
six nearest neighbors (n.n.) in an essentially 
antiferromagnetic ordering[l, 2], Weak ferro- 
magnetism arises from a canting of the 
predominantly antiferromagnetic spins, due 
to an antisymmetric exchange term, x 
S;). This interaction tends to tilt the two 
interacting spins S/, Sj from a strict anti- 
ferromagnetic alignment in a plane perpen- 
dicular to the constant sector D|j. In the ortho- 
ferrites studied the vector D = coincides 

with the h-axis of the orthorhombic unit cell, 
the spontaneous magnetic moment lies along 
the c-axis and the antiferromagnetic direction 
is parallel to theu-axis. 

Evidence indicating the exislance of an 
antiferromagnetic coupling through more than 
one diamagnetic ion has been given by 
Blasse[3] for isostructural compounds in 
which the nearest neighbors to each iron ion 
on the Fe'*^ sublattice are replaced by dia- 

*The research reported in this document has been 
sponsored in part by the Air Force Materials Laboratory 
Research and Technology Division AFSC through the 
European Office of Aerospace Research, United States 
Air Force Contract F61052-67C-0040. 


magnetic ions; c.g. SfgFeSbOfl. Here, ihenext 
nearest neighbors (n.n.n.) exchange inter- 
action is found to be ~ 3 per cent of the n.n. 
interaction in rare earth orthoferrites. We 
therefore might expect a similar magnitude 
of n.n.n. coupling in the orlhoferrites studied, 
YFeO:i LuFeO^. 

In Section 2 of this article the experimental 
techniques are described. 

In Section 3 the derivation of the n.n. and 
the n.n.n, exchange interaction is carried out 
from the measurements of the paramagnetic 
susceptibility, using the high temperature 
expansion.! We also calculate the n.n. ex- 
change interaction from measurements of the 
low temperature perpendicular susceptibility. 

In Section 4 the results are compared with 
those obtained from the Neel point. 

2. EXPERIMENTAL AND RESULTS 

The magnetic susceptibility of some single 
crystals}: of LuFeG.^and YFeO:, was measured 
at 4*2°K, and above the transition tempera- 
ture Tv, (622° and 643°K, respectively)[2] 
to 1000°K. The measurements at 4‘2°K were 
carried out using a motor driven vibrating 


+ Preliminary results of the exchange constants in 
LuFeO;, found by the high temperature analysis, have 
been used already for the expression of the paramagnetic 
susceptibility by a Pad^ approximani [4J. 

tThe single crystals were kindly provided by J. P, 
Remeika from The Bell Telephone Laboratories 


174 ? 
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sample magnetomeier[5]. The sample was 
vibrated between pick-up coils mounted 
in a bore of a superconducting magnet wherein 
the magnetic field is applied parallel to the 
axis of vibration and the axis of the pick-up 
coils. The magnetic susceptibility was 
measured along the two principle crystallo- 
graphic axes perpendicular to the antiferro- 
magnelic u-axis. The results obtained at 
4-2°K for YFeO, are: xt>= {2'S±0'\) 
(e.m.u./mole), Xr“(2'7^0'l) (e.m.u./ 

mole) and for LuFeO;}, Xr"= (2‘S-0*2) 
I0“-‘ (c.m.u./mole). Where Xb and Xc denote 
the perpendicular susceptibilities along the 
orthorhombic axes h and c respectively. 

The magnetic susceptibility was also 
measured in powder samples above the Neel 
point up to 1500°K. These measurements 
were done by a balance magnetometer. The 
value of the paramagnetic susceptibility was 
obtained from the measured susceptibility 
by substracting the calculated diamagnetic 
contribution [6]. The results obtained are 
presented in Fig. 1. Susceptibility measure- 
ments from above 7',\ up to - 1000°K were also 
done by a vibrating sample magnetometer 
wherein the magnetic field was applied per- 
pendicular to the direction of vibration. The 
data obtained by the vibrating sample magne- 
tometer agree to within 2 per cent with those 
obtained using the balance method. 

rhe anisotropy in the susceptibility above 
the Neel temperature was measured in single 
crystals using a torquemeter. 1 1 was found that 
for 77 7\ > FOI, the anisotropy (Xj“Xj)/ 
X,<0‘01 {iJ=(iJ}.c). This amount of 

anisotropy is negligible for our purposes. 

3. ANALYSIS OF THE EXPERIMENTAL DATA 
(i) Hi^h lemperature susceptibility 

The high temperature series expansion is 
an exact asymptotic series expansion for 
the susceptibility when T > T^. 

Rushbrooke and Wood [7] have calculated 
the first six terms for the nearest neighbors 
Heisenberg ferromagnet and antiferro- 
magnet. Wojtowicz and Joseph [8], Dalton [9] 



were obtained by subtracting the calculated diamagnetic 
contribution from the experimental values measured by a 
balance magnetometer 

and Pirnie et n/.liO] have extended these 
calculations to next nearest neighbors inter- 
actions for which, in the presence of an 
external magnetic field H, the Heisenberg 
Hamiltonian has the form; 

>!"/ = - 27 , 2<,,,> s, • Si -s, 

S, (!) 

The first term represents the n.n. interaction 
with an exchange integral 7,. The summation 
is carried out over all pairs of n.n. The second 
term represents the n.n.n. with an exchange 
integral Ji, where the summation extends over 
all pairs of n.n.n. Zeeman energy for the entire 
crystal is represented by the third term. Here, 
/i/; denotes Bohr magneton and ^ is a spectro- 
scopic splitting factor. Assuming that the 
ratio a = JJJx - 0 03 deduced previously for 
a similar perovskite structure, Sr^jPeSbOfi as 
noted above, holds also for the orthoferrites 
we find that the antisymmetric exchange 
energy and the anisotropy energy are signifi- 
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cantly smaller than the n.n.n. exchange 
interaction[l 1-13]. We shall therefore confine 
our discussion to the Hamiltonian (1) and 
thus the high temperature series for the inverse 
susceptibility may be written in the form[8]: 

X~^^TICT{^+b,.(JJkTr{J,lkTr) 

( 2 ) 

where T denotes temperature, C is the Curie 
constant and k is the Boltzman constant. The 
prime in the summation sign exclude n — 
0. Numerical expressions for the coefficients 
up to n-f m = 6 have been tabulated by 
Pirniee'/n/.[10]. 

The determination of the exchange integrals 
Ji, J 2 and the Curie-Weiss constant C was 
undertaken by fitting equation (2) to the 
experimental results, using a least squares 
method to obtain the best fit [8, 14]. The fitting 
procedure was carried out systematically for 
points with physical validity in a plane defined 
by ij and C. Values of were chosen for each 
set Ui, C) to give least mean square deviation 
[14]. The three parameters were then deter- 
mined from the coordinates , J 2 and C of the 
point that had the smallest deviation. The 
error in determining 7i, ]■> and C due to the 
convergence properties can be estimated by 
calculating these parameters in different 
temperatures regions where the convergence 
of the power series equation (2) is fairly rapid. 
The results obtained for YFeO:^ are presented 
in Table 1. No well defined minima were 
found in the region lOOO^K <T < 1500®K,the 
accuracy in determining 7,, J 2 and C for each 
temperature region is better than the spread 
of the results given in Table 1 (e.g. in the 
region 2*5 > T/T,. > 1-5, a deviation of 1 per 
cent in and C increases the root mean square 
deviation, by a factor -2, At this point (7|, C) 
a deviation of 10 per cent in causes the 
same increase in the root mean squares 
deviation). The same analysis was undertaken 
for LuFeO:,. The results obtained from the 
temperature region 850°K < T < 1 500‘'K are 
JJk = -24-2"K, J.lk = C - 4-35 

(e.m.u. °K/mole). 


Table 1. The exchange constants and the 
Curie constant in YFeOa as obtained by 
fitting the high temperature series expansion 
to the experimental data in various tempera- 
ture regions 


Temperature region 

J Ilk 

rK) 

Ltk 

C(e.ni u, 
®K/moJe) 

1500 > r >85(rK 

-27-2 

-1-2 

4-61 

1500 > r > WK 

-27-4 

-I-2 

4-63 

1500 > r > 950°K 

-27-8 

-1-2 

4-67 

1500 > T > 1000°K 

-27-9 

-1-4 

4-69 


It is of interest to consider the molecular 
field approximation in the same temperature 
range. Using a least squares filling the Curie 
constant C and the paramagnetic Curie- 
Weiss temperature &j, can be determined from 
the well known relation = C|(T — B^,) 
where is the paramagnetic susceptibility. 
It was found that 0^, = ~1400°K for YFeO;, 
and 6„ = - 1200°K for LuFeO;,. Theexchange 
constants were calculated from and Ty 
using the following relations for a simple cubic 
lattice [15]: 


T.v- 




2S(S+\) 

3; 

25(5 + 1) 
U 


('6yi + I27o). 
(67, + 12J,). 


(3) 


Here 5 = 5/2 is the spin value of a 5-state 
ion, Fe’^. The results obtained for 7,. 7^ 
and the spectroscopic splitting factor g- 
V’^kCINfjiH^S(S-\- 1) are given in Table 2. 

(ii) Low temperature susceptibility 
According to the molecular field theory fora 
weak ferromagnet, the susceptibility along the 
orthorhombic axes, b and c (perpendicular to 
the anliferromagnelic a-axis) is temperature 
independent and given by [ 1 3]: 

= 14) 


Here, x denotes a molar perpendicular 
susceptibility. Equation (4) is the same as the 
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well known expression for the perpendicular 
susceptibility of a pure antiferromagnet. An 
identical expression for xi in an antiferro- 
magnet is given by the random phase approxi- 
mation [16], Other approaches such as Callen 
decoupling and the Oguchi spin wave theories 
yield within the first order approximation the 
same results [16], The numerical values are 
summarized in Table 2. 

4. DISCUSSION 

The analysis of the paramagnetic suscepti- 
bility by the high temperature expansion was 
found to be a useful approach for determining 
the exchange interactions and the g factor in 
the orthoferrites YFeO.i and LuFeO^. In both 
cases the quantities J 2 and g, given in 
Table 2, yielded a well defined minima in the 
fitting procedure. The results obtained for the 
n.n. interaction are in reasonable agreement 
with those obtained from the low temperature 
susceptibility (see Table 2). The ratio 
a = JJJi ^ 0*05, obtained for the two perov- 
skites is supported by the value found in the 
isomorphic structure SrgFeSbO^. The g factor 
calculated from the Curie constant C by the 
high temperature analysis - 2*05 ±0- 1, 
= 2-00±0'05) are in the agreement 
with the expected one for an 5-state ion. By 
comparing these results with the one obtained 
by the molecular field theory (see Table 2) it 
is apparent that the latter are rather poor; J 2 in 
this case is significantly too high. 

Additional experimental data from which 
the exchange interaction can be derived is the 
Neel temperature. Rushbrooke and Wood [1 7] 
have determined the antiferromagnetic 
ordering temperature for a Heisenberg anti- 
ferromagnet having only n.n. interaction, 
T,v(a = 0) (a = JJJ]) from the high tempera- 
ture staggered susceptibility. The result is: 

7^.(a = 0)-5/192{J#)(Zl-l) 

X [115(5+ I)- l][l + 0'63/z,5(5+ 1)]. (5) 

The dependence of the transition temperature 
Ts(a) on the ratio JJJi was calculated by 


Tahir-Kheli et n/.[18] using the random phase 
approximation. In the region where 
this dependence to the first approximation is 
linear in a. For a simple cubic lattice one finds 

«= I/rv(a = 0)^^^ = -2. (6) 

da 

A similar result is obtained from the molecular 
field theory, where m = - 2*0. The solution of 
equation (6) yields. 

Tv(a) - Tv(a = 0)[1 -“2a], a4l. (7) 

The exchange constant 7, was calculated 
from Tsia) using equations (5) and (7). The 
results obtained forJi are presented in Table 
2 . 

Eibschiitz et al.[\9] have evaluated the n.n, 
exchange interaction in the orthoferrites using 
Oguchi spin wave theory. The value of 7, was 
extracted by fitting of the experimental low 
temperature sublattice magnetization to the 
dependence by spin wave theory. The results 
obtained for 7j (see Table 2) are in agreement 
with those derived from the low temperature 
susceptibility. It should be noted that the 
values of the exchange constant 7, obtained 
from the low temperature region are on the 
average lower than those obtained from the 
high temperature region. The dependence of 
the exchange integral on the thermal expan- 
sion could be roughly estimated from the 
relation 8 In TJd In i? = 2 that was found for 
the orthoferrites [2]. Here v denotes the 
volume of a unit cell. The use of an average 
thermal expansion coefficient for ceramics 
(~ 5 ■ 10~\ cubic) should yield a decrease of 

5 per cent over the entire temperature 
range. This effect would lead to a better agree- 
ment between the observed values for7i. 


/ic^ftow/e(/gemenfs-Thc author thanks Professor R. 
Pauthenet for his kind hospitality in CNRS. Grenoble, 
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out. He is indebted to Professor S. Shtrikman for guidance 
and helpful suggestions 



1750 


G. GORODETSKY 


REFERENCES 

1 TREVES D., EIRSCHUTZ M, and COPPENS P., 
18.216(1965). 

2. TREVES D.,;. ap/7/.P/iy.v.36,(part2) 1033 (1965). 

3. BLASSE G., Philips Res. Rep. 20. 327 (1956). 

4 GORODETSKY G . Solid State Commurt. 6, 159 
(196H). 

5. FLANDERS P. J. and DOYLE W. D , Rev. scienf. 
tnsirum. 33,691 (1962). 

6 SELWOOD P. W.v In Magnetochemistry^ 2nd Edn,, 
p 78, Interscicnce, New York (1956). 

7 RUSHBROOKE G S- and WOOD P. J., Molec. 
P/iv.s. 1.257 (1958). 

8, WOJTOWIC'Z P. J. and JOSEPH R. I.. Phys. Rev. 
135.ATM4(1964). 

9 DALTON N W.Proc p/ivA. Sor, 88, 659 (1966) 


10. PIRN IE K., WOOD P, J. and EVEJ.,Mo/ec. Phys. 
11.551 (1966). 

1 ) . TREVES D-. Phys. Rev. 125, J 843 ( 1 962). 

12. HERMANN G. F.,PM. A133. 1 334(1964). 

1 3. GORODESTKY G., SHTRIKMAN S., TENNEN- 
B AUM J. and TREVES D.. To be published. 

14. JOSEPH R. \..Phys. Ret. A138, 1441 (1965). 

15. NAGAMIYA T, YOSHIDA K. and KOBO R.. 
Advan. Phys. 4, 1 (1956), 

16. ANDERSON B. and CALLEN H. B., Phys. Ret. 
A136, 1068(1964). 

17. RUSHBROOKE G. S. and WOOD P. J., Molec. 
P6)'s.6.409O963). 

18. TAHIR'KHELL CALLEN H, B. and JARRETH.. 
J. Phys. Chem. Solids 27, 23 (1966). 

19. EIBSCHUTZ M.. SHTRIKMAN S. and TREVES 
D..Phys. Rev. 156, 562 (1967). 



J. Phys. Chem. Solids Pergamon Press 1969. Vol. 30, pp. 1751-1761. Primed in Great Britain. 


ELECTRON PARAMAGNETIC RESONANCE SPECTRA 
FROM GAMMA-IRRADIATED POTASSIUM 
THIOCYANATE 

ROGER KEWLEY 

Department of Chemistry, Queen's University. Kingston, Ontario, Canada 
{Received 20 August 1 968; in revised form 22 January 1 969) 


Abstract— The electron paramagnetic resonance spectra of two distinct radical species have been 
observed following the gamma-irradiatjon of potassium thiocyanate single crystal.s. The spectrum of 
the first species appears when a crystal is irradiated at 77'’K. For this radical there are two magnetic 
sites, each characterized by principal g values gn = 2 004 and = 2 025 and by principal values of (he 
hyperfine coupling tensor = 8-9 and ^4^^ = 1 -4 Mc/s. bor the two sites the radical axis makes angles 
of 22° and 158° with the (010) axis and in each case the radical axis lies in the (100) plane of the crystal. 
The five line hyperfine pattern shows that this radical contains two equivalent N‘* nuclei and it is 
identified as the V-center (NCSlr- The spectrum of the second radical is observed in the temperature 
range I03°-I8t‘’K. This species is also situated at two magnetic sites and has principal g values 2*034, 
2*018 and 2 014. It exhibits a three line hyperfine pattern from one N’^ nucleus, the principal values of 
the hyperfine coupling tensor being 5*6, 6*6 and 6-4 Mc/s. The nature of this second radical is discussed. 


INTRODUCTION 

It has been found that solid carbonyl sulfide, 
OCS, may be photolyzed by u.v. radiation at 
77°K to yield long chain sulfur radicals which 
give an electron paramagnetic resonance 
spectrum[l]. It is also known that low tem- 
perature X-irradiation of alkali halide crystals 
produces oriented (halogen)^^ V;f-centers[2] 
and that the anaioguous radical (CN) 2 “ is 
formed when sodium or potassium cyanide or 
potassium chloride doped with cyanide is 
irradiated at 77°K13]. Gamma-irradiation of 
potassium azide at 77°K gives N atoms and 
the radicals and N^[4] and the latter two 
species may also be produced by u.v. pho- 
tolysis of KNglS]. Nitrogen atoms have been 
found to be present in sodium azide following 
irradiation with X-rays[6]. 

It was therefore judged to be of consider- 
able interest to investigate the effects of 
both u.v. and gamma radiation on potassium 
thiocyanate, KNCS, in which the NCS" ion 
is isoelectronic with the DCS molecule and 
yet, being an ion derived from a pseudohalo- 


gen, is also chemically related to the ions 
(halogen)' , CN" and N". 

EXPERIMENTAL PROCEDURE 

In order lo test ihe behavior of potassium thiocyanate 
under conditions closely similar to those used in the 
OCS study, u.v, irradiation of polycrystallme potassium 
thiocyanate was earned out at 77°K The sample, which 
was about 4 cm in length, was sealed in a 3 mm quartz 
EPR tube which was then placed in ihe V-4546 quartz 
liquid nitrogen dewar and subjected to radiation from an 
Os ram high pre.ssure mercury lamp for a period of three 
hours, The lamp was placed 3-5 cm from the sample as 
in the OCS investigation [1]. During irradiation the 
KNCS sample remained colorless; and when the dewar 
containing the sample tube was transfered at once to the 
cavity of the speclromeier, no EPR signal could be 
detecled near g = 2. The temperature of the sample was 
maintained at 77°K throughout 

When a similar sample was exposed to the gamma- 
radiation from a 12-3 k Co** source for 30 min at 77°K. 
the crystals turned dark brown and gave a strong EPR 
absorption near = 2 The gamma ray dosage was 
4x I0*’eV/g/min. Subsequent experiments were earned 
out using single crystals of KNCS, prepared in the 
manner described below, which were also gamma- 
irradiated for 30 min and maintained and studied initially 
at 77°K. A second dewar was employed when maintaining 
the single crystal sample at 77°K during gamma-irradia- 
tion. The transfer operation from this dewar lo the V-4546 
dewar was achieved very rapidly to prevent any loss of 
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radicals. In this manner the possibility of observing an 
EPR signal due to the dewar was eliminated. The absorp- 
tion due to the pyrcx sample holder was much weaker 
than that due to the sample and for almost all orientations 
it did not overlap the sample signal. It was found un- 
necessary to take this weak signal into account when 
analyzing the KNCS spectra. 

Single crystals of potassium thiocyanate were grown 
by dissolving reagent grade KNCS in acetone and then 
allowing the solvent to evaporate slowly al room temp- 
erature. Potassium thiocyanate is orthorhombic and 
crystals may also be grown by solvent evaporation from 
an aqueous solution [7] These crystals have the (100) 
and (010) faces piedominatmg whereas the ones grown 
from acetone solution [7] were found to be elongated 
along the (010) or h axis with the (101) prisms developed. 
Similar crystals were obtained from acetone solution in 
the present investigation and the observed EPR spectra 
from them arc in agreement with the assignment of the 
crysUil faces, see Eig. I It is quite possible that a small 
amount of impurity {-- 1 per cent) might have been intro- 
duced during the crystallization procedure. However, the 
signals from the polycrystalline and single crystal KNCS 
samples are sufficiently alike in intensity and value 
spread that they can be identified as due to the same 
species. Also the analysis of the single crystal spectrum 
given below is entirely consistent with the signal being 
^uc to KNC S Itself rather than to any impurity. In order 
to counteract the deliquescence of KNCS the crystal 
was dipped momentarily in hot paraffin wax. In this way 
one ciystal could be preserved so that its spectra for 
rotation about three perpendicular axes could be obtained 
The piescncc of the wax did not have an observable 
effect on the spectra. After being coated with wax the 
crystal was attached to a 2 mm pyrex rod by means of 
silicone grease. The crystal orientation was determined 
by means of growth faces. The mam error in the measure- 
ments stems from the difficulty in orienting the wax- 
covcicd crystal on the end of the rod. The orientation 


error was found to be as much as 8® in some cases. The 
rod was mounted on a scale calibrated in degrees. No 
evidence was found for twinning. The number of radical 
sites observed for each radical species in the investigation 
is consistent with a single crystal having been used in 
taking each set of observations. 

The spectrometer used throughout the investigation 
was a Varian model 4502 equipped with a 12 in. magnet 
which was operated at a held close to 3330 G. The mag- 
netic field was modulated at lOOkc/s for the sample 
cavity and at 400 c/s for the standard cavity of the 
V-4532 dual cavity accessory. The standard used was 
a solution containing the p-benzosemiquinone ion. which 
was taken to have a g value of 2-0057 ±0-0004 and a 
hyperfine separation of 6-54 ± 0-06 Mc/s between the 
adjacent peaks of the 1:4:6:4:1 pattern[8]. The fre- 
quency was near 9-3Gc/s and was measured to an ac- 
curacy of O-I per cent with a Hewlett Packard X532B 
frequency meter. Frequency readings were taken before 
and after the spectrum was recorded for a particular 
orientation of the crystal. For work at temperatures 
above 77'’K the V-4557 variable temperature accessory 
was employed together with a thermocouple, allowing 
temperatures to be measured to ± 3®K. 

RESULTS 

(i) Spectra from a KNCS single crystal 
gamma^ir radiated and maintained at ITK 

The EPR spectrum characteristic of a 
single crystal irradiated at ITK and kept at 
that temperature is, for a particular orienta- 
tion, one consisting of two groups of lines, 
each group being made up of five hyperfine 
components with an intensity distribution 
l:2;3;2;l, see Fig. 2. Both the hyperfine 
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Fig. I. (a) Atomic positions in Ihe crystal structure of potassium thiocyanate, after 
Klug(7) (b) Form of crystal and axes of rotation used in the present investigation. 
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T = 77"k 



Fig. 2. Traces of first derivative electron paramagnetic resonance 
absorption spectra from a single crystal of potassium thiocyanate, 
gamma-irradiated and maintained at 77°K. The frequency is 
9325 Mc/s. The axis of rotation is (101). (a) Field direction 75® 
from (010), showing near maximum g and near minimum hyper- 
fine splitting for one site and intermediate values for the other 
site, (b) Field direction 5® from (010), showing near minimum g 
and near maximum hyperfine splitting for both magnetic sites. 
In the *stick' diagram the peaks due to the two sites are differen- 
tiated by use of dashed and continuous lines. 


separation and the j? value corresponding to 
the center line of a group are markedly de- 
pendent on the orientation of the crystal with 
respect to the applied magnetic field, see 
Fig. 3. For a given orientation the group of 
lines situated at higher field or having a 
lower g value at its center line is more intense 
than the group appearing at lower field. For 
either group the intensity maximum cor^ 
responds with the maximum observed hyper- 


fine splitting. When both groups are exhibiting 
approximately maximum hyperfine splitting 
their intensities become equal, see Fig. 2(b)- 
When the crystal is rotated about the (010) 
axis the hyperfine splitting remains small 
at all angles while the g values for both group 
centers stay close to the maximum_ value. 
For rotation about the (101) and (lOT) axes 
the variations in the hyperfine splitting and 
g are more pronounced with the minimum g 
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Eig, 3, Variation of with orientation for the two sites of the radical present in a potassium 
thiocyanate single crystal following gamma-irradiation at 77®K. The frequency is 9323 Mc/s. 
The solid lines are the least squares fits to the experimental data lor the two magnetic sites. 

□ site I;0site2. 


occurring at (he same angle as the maximum 
hyperfine splitting and vice versa. The spectra 
observed for rotation about the (I0() and 
(lOT) axes are equivalent. The whole spec- 
trum can be attributed to a single radical 
containing two equivalent nuclei and 
situated at two magnetic sites in the crystal 
lattice. The principal values of the spectro- 
scopic splitting factor g and the hyperfine 
coupling tensor A are given in Table I, from 
which it may also be seen that the principal 


axes of the two tensors coincide. The errors 
in the values of ^ and A stem from the dif- 
ficulty of resolving the closely spaced hyper- 
fine components when rotation is being 
carried out about the (010) axis. 

(ii) Spectra observed at temperatures above 
ITK 

When the temperature of the irradiated 
sample in the EPR spectrometer cavity was 
raised gradually a new spectrum appeared, 


Table I. Principal values and axes of the g and A tensors for the 
paramagnetic species formed at ITK 



A (Mc/s) 

Direction of axis 

^,^,-2-0()4± 0-004 

/),= 8'9±0'5 

Site 1 : 22'" to (0 1 0) axis in ( 1 00) plane 

Site 2; 158® to (010) axis in (100) plane 

= 2-025 ±0-004 

= I-4 + 05 

Perpendicular to gir*4|i axis 
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being first observed at I03°K. At that tempera- 
ture the new signal overlapped with the 
original five line patterns for some orient- 
ations. The new spectrum consists of a pair 
of three line groups, each with intensity 
distribution 1:1:1, showing the production 
of a radical containing one nucleus. This 
radical occupies two magnetic sites in the 
crystal. The intensities of the two triplets 
vary with orientation, the one at higher field 
having the greater intensity. By a temperature 
of 110°K the original five line patterns are 
about to disappear, leaving the three line 
groups, see Fig. 4. A search 500 G on either 
side of the three line groups showed that they 
are the only ones in the region. 


Table 2. Principal values and axes of the g 
and A tensors for the paramagnetic species 
present between 103° and I81°/C 


H 

/4(Mc/s) 

Direction of axis 

20I4± 0 002 

6-4 ±0 3 

Site l:(010) Site 2 

(010) 

2-018± 0 002 

6-6±0'3 

(101) 

(ior» 

2-034±0(K)2 

5-6±0‘3 

(loT) 

(101) 


The presence of three hyperfine compon- 
ents in each' of the two groups of lines in the 
spectrum suggests that the species responsible 
might be the nitrogen atom. However, even 
with only one magnetic site populated it 
would be expected that three triplets would 


T = no°K 



Fig. 4. Trace of first derivative electron paramagnetic resonance 
spectrum from a potassium thiocyanate single crystal which was 
irradiated at 77®K and then warmed to 1 10°K and maintained at 
that temperature The frequency is 9256 Mc^ and the magnetic 
field is parallel to the (101) direction. Between the two three 
line groups can be seen a broad absorption due to the species 
originally present at 77“K. 


Rotation of the crystal around the (010) 
axis at 120°K shows that the two radicals 
become magnetically equivalent when 
the field is directed along the (100) axis 
or along the (001) axis, see Fig. 5. These 
results combined with those for rotation about 
the (101) and (lOl) axes show that the radical 
occupies sites which have the maximum g 
along the ( 1 0 1 ) axis in one case and along the 
( 1 0 r ) axis in the other as shown in T able 2. 


occur because of zero field splitting effects 
in addition to the nuclear spin-electron spin 
hyperfine interaction. Also if fine structure 
were present the line positions would be 
slightly temperature dependent, due to vari- 
ation of the fine structure parameters D and 
E. No temperature dependence was detected 
over the range 103°-178°K. indicating a lack 
of fine structure. This, together with the fact 
that only two triplets are observed, shows that 
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Fig y Variation of g with orientation for the two sites of the radical produced by gamma- 
irradiation of a polasMum thit>cyanaie single crystal at 77^K followed by warming above 103°K. 
The frequency is 9254 Mc/s. The solid lines are the least squares fits to the experimental data for 
the two magnetic sites, which become magnetically equivalent at 45“ and 1 35“. O site 1 ; # site 2. 


the radical has only one unpaired electron and 
therefore cannot be the nitrogen atom. 
Studies carried out at different power levels, 
from 0-00()3 to 0*3 mW at 77°K and from 0-003 
10 3 mW at 1 failed to reveal the presence 
of any further paramagnetic species. The 
power variations were carried out in lOdB 
steps at both temperatures. 

When the spectrum was recorded initially 
at IIO'^K and then the temperature was 
returned to 77'’K the three line spectrum 
increased in intensity as did also the five line 
pattern to a smaller extent, showing that the 
transition from one species to the other is 
apparently not a reversible process. A study 
was undertaken of the disappearance of the 
three line spectrum at higher temperatures. 
Starting from a temperature of 132°K it was 
found that a rapid decay of the signal began 


above and that the spectrum finally 

disappeared at l8r±5°K. 

DISCUSSION 
(i) Species observed at ITK 
The EPR spectrum of the radical present 
following gamma-irradiation at 77°K can be 
accounted for by the Hamiltonian; 

in which the interaction between the nuclear 
magnetic moment of each nitrogen and the 
applied field and also the interaction between 
the two nitrogen nuclear magnetic moments 
are neglected. The nuclear spin operators for 
and are not included as hyperfine 
splittings from these atoms were not observed 
at 77‘'K or at higher temperatures. The hyper- 
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fine interaction between the electron spin 
magnetic moment and the nuclear magnetic 
moment of nitrogen is considered to be 
suflSciently small that a first order perturbation 
treatment is satisfactory. The frequency 
expression is then 

hv = pHo cos^ 0+^isin^ 6)^'''^ + KMj 
where 

a: V = ^k\\ cos^ sin^ d 

and 

6 being the angle between the applied field 
and the radical axis. A/, takes the values 2, I, 
0, -1, -2. The numerical values for g and A 
are given in Table 1. 

The value of = 2-025 suggests that the 
radical may contain sulfur because of the 
tendency towards larger spin-orbit interaction 
for atoms other than those in the first row of 
the periodic table. It is, however, unwise to 
rely heavily on the g value for the identifica- 
tion of a radical in a crystal since a number of 
radicals are known which contain only first 
row elements and yet which show large devi- 
ations from the free spin g value of 2-0023 and 
moreover exhibit large changes in g from one 
lattice to another; for example the 0~ ion in 
NaOz has its principal g values in the range 
2-002~2-175[9] but has a range I-95I2- 
2-4359 in a KCl lattice [10]. A more reliable 
way of identifying a radical appears to be by 
means of its hyperfine coupling constants, 
which are less sensitive to environmental 
changes than are the deviations of its principal 
g values from the free spin value. A possibility 
is that the radical under consideration here 
might be Nr* which is quoted by one group 
of authors as having principal A values of 
1 1, 33 and 11 Mc/s[5] and by another group 
as having the values 11,18 and 1 1 Mc/s[4], 
in both cases in a KN 3 lattice. These figures 
are quite different from those for the radical 
present at ITK in the present study, see 


Table I, and it can therefore be concluded 
that the radical Nj' is not the one responsible 
for the spectrum. 

A more likely possibility is that the entity 
(NCS) 2 “ is formed by ejection of an electron 
from an NCS" ion to give NCS*, followed by 
the sharing of the resulting electron deficiency 
with a second NCS“. The position of the prin- 
cipal g|| axis argues strongly for this model. 
If the points representing the S atom positions 
in two adjacent layers of the KNCS crystal 
structure are joined, see Fig. I , a line is obtain- 
ed the inclination of which to the ( 010 ) 
direction is 29°. This angle is to be compared 
with the observed inclination of 22 ° of the 
radical axis with the (010) direction. The fact 
that the results can be accounted for by an 
axially symmetric spin Hamiltonian shows 
that the dominating symmetry is that of the 
(NCS) 2 " radical itself, which would be axially 
symmetrical with the proposed model, 
rather than the local crystal symmetry. 
Evidentally the unpaired electron is to some 
extent localized either between two N atoms 
or between two S atoms in the (NCS).^* 
radical. To decide this question the hyperfine 
coupling constants must be considered in 
more detail. 

Since the signs of A^ and A^ are not deter- 
mined there are four possibilities for the 
values of /4iso = (2/4^ +^n)/3 and 2 S = /f«- 
where /Its,, is the isotropic hyperfine 
coupling constant and 2B is the largest com- 
ponent of the anisotropic hyperfine coupling 
tensor, the other two components being -B. 
The possibilities are 

(i) /111 = ±8-9; Ai =±l-4Mc/s 
2B = ±50: /li,„ = ±3-9Mc/s 
cv' = 0(X)52: c,2 = ()-003 

(ii) /li, = ±8-9: = + 1*4 Mc/s 

2B = ±6-9; ^i„ = ±2-0Mc/s 
c;' = 0-072; o' = 0-001 

where Cp' and c are obtained by comparison 
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of 2B and with the one electron atomic 
N values of 96 and ]540Mc/s respectively 
[II]. Even with possibility (ii) only about 
15 per cent of the unpaired electron density 
is concentrated on the two nitrogen atoms. 
This low spin density on nitrogen indicates 
that the unpaired electron is concentrated 
mainly between the two sulfur atoms, most 
probably in a molecular orbital of essentially 
pa character. For this model consideration 
of the values of the quantity (3 1) at 

various points leads to the conclusion that the 
anisotropic coupling constant for the 
direction should be negative and that for the 
direction positive. 0 is the angle between 
the /4|| axis and the radius vector of the un- 
paired electron with a nitrogen nucleus taken 
as origin. Also the coupling constant for the 
/indirection should be the largest in magnitude. 
These predictions agree with the observed 
values provided that the experimental A\] is 
taken to have a negative sign. The experi- 
mental A^ can be assumed to have either a 
positive or a negative sign and still give a 
negative value for the quantity 2B. 

The species (NCS).^' is an unusual case of a 
type center, the only other similar radical 
known at present being the (CN)r radical in 
which the two carbon atoms are joined and the 
planar radical lies in the ( 1 00) plane of the KCl 
host crystal [31. The (NCS)^' radical differs 
from this insomuch as the join takes place 
between atoms in adjacent layers of the host 
lattice. The (NCS);^ is thus not planar and the 
unpaired electron occupies a different type 
of molecular orbital from the one occupied 
in (CN )2 , since the possibility of the forma- 
tion of a TT system extending over all the atoms 
is ruled out. KNCS is observed to turn dark 
brown on gamma-irradiation. This suggests 
that data could be obtained which would 
complement the EPR results by carrying out 
a study of the optical absorption by the Fjt 
center in a KNCS single crystal. Also the 
effect on the optical absorption of illumination 
with polarized light could be studied as in the 
work on Pb-doped KCl by Delbecq et a/.[17]. 


(ii) Species observed above 103®K 

The spectrum of the higher temperature 
species can be fitted to the Hamiltonian: 

^ = pH-g-S^hA -5 

with spectroscopic constants as shown in 
Table 2. As noted above the lack of fine struc- 
ture effects makes it most unlikely that the 
spectrum is due to the nitrogen atom. Also 
comparison of the observed hyperfine coup- 
ling constants with the isotropic coupling 
constant for the N atom of 15'3 Mc/s in KN 3 
[4], 15-9 Mc/s in NaN 3 [ 6 ] and 12-1 Mc/s in 
solid nilrogen[] 2 j, supports the same con- 
clusion. The observed g values in the present 
case show considerable anisotropy, whereas 
the TV atom has an isotropic g in either KN 3 
orNaN;, matrices. 

For the species yielding the three line 
hyperfine pattern the principal axes located 
in the ( 010 ) plane are along the same direc- 
tions as the axes of the NCS‘ ions in the un- 
irradiated KNCS crystal, which strongly 
suggests that the radical also contains the 
three atoms N, C and S but differs by one 
electron from the NCS^ ion. The two possibil- 
ties are therefore either NCS • or NCS". It 
would appear to be more favorable energetic- 
ally for the (NCS) 2 " radical to break down into 
NCS ■ and NCS“ so that in both of the 
products the highest energy electrons would 
be accommodated in weakly bonding tt 
orbitals, assuming for the present that both 
NCS • and NCS" would be linear. If, on the 
other hand, breakdown resulted in the forma- 
tion of NCS"', then an equivalent amount of 
NCS^ should be formed. If bent, the latter 
would be diamagnetic but if linear, as ex- 
pected, could be a biradical with two unpaired 
electrons occupying a degenerate tt molecular 
orbital, see Fig. 6 . No spectrum from the 
species NCS^ was observed although it 
would probably be difficult to observe and 
would lie outside the g-2 region. The 
annealing data is thus consistent with the 
occurrence of the process (NCS).^ 
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NCS' + NCS * in the temperature range 
77®-103°K, followed by the disappearance of 
the NCS • radical in the range 103®-18rK as 
diffusion becomes increasingly more possible. 

In the free state the radical NCS • would be 
linear according to the Walsh correlation 
diagram for BAC molecules [13] since the 
unpaired electron in a fifteen valence electron 
molecule would occupy the highest bonding 
orbital, which correlates with an orbital of 
TT symmetry if the molecule BAC is linear, see 
Fig. 6. For a bent molecule this becomes 
divided into two orbitals of symmetry A' 
and /I" for the symmetry group, with the 
unpaired electron occupying the A' level. 
The.^' level is of higher energy than the A" 
level but is also of higher energy than the 
linear molecule tt level so that the molecule 
tends to remain linear*. A free linear NCS ■ 
radical would therefore have the unpaired 
electron in an energy level degenerate as 
regards the x and y directions, where z is 
defined as the molecular axis for a molecule 
of symmetry In that case two of the three 
^ values should be exactly equal, which is 
not in accord with the observed values of 
Table 2. It seems quite impossible, however, 
that the NCS • radical could be slightly bent 
due to the crystal field. On account of the 
close equivalence of the (101) and (101) 
directions in KNCS such a distortion would 
probably take place along the (010) direction. 
Even allowing for the possible nonlinearity 
of the NCS • radical it is difficult to account 
for the observed jc values, all of which are 
greater than the free spin value. To see this 
the symmetry of the ground state molecular 
orbital in which the unpaired electron is 
situated must be compared with that for each 
nearby energy level. The group theory relation 
which allows the estimation of = 
2*0023 for a molecule of C* symmetry is that gi 


*ln the flash photolysis of CH3SCN and C2H5SCN 
the NCS radical is known to give an electronic absorption 
spectrum characteristic of a linear molecule. HOLLAND 
R., STYLE D. W. G., DIXON R. N. and RAMSAY 
D. A., Nature 182, 336 (1958). 


will deviate from the free spin value due to 
interaction between the ground state and a 
nearby slate if the product of the representa- 
tions of the two orbitals in the C, group gives 
a representation which is that of rotation 
about the / axis[14]. The sign of ^gi for a 
particular interaction is determined by 
whether the interacting energy level lies 
above or below the level which contains the 
unpaired electron in the ground state. For a 
bent NCS • radical the energy level immedi- 
ately below the one containing the unpaired 
electron in the ground state is of symmetry 
A\ Since A' xA" = A", which is the repre- 
sentation of Rj and R^ in the C, group, and 
since the A"' level is of lower energy, then this 
interaction should result in increases of both 
gj. and gy above 2-0023, where x and y are 
now defined as in the molecular plane for a 
molecule of C, symmetry. Taking this to be 
the main interaction the observed values 
2*014 and 2*018 could be assigned to the x and 
y directions. However if this is done, to 
account for the observed g^ of 2*034 it is 
necessary that a level of symmetry A' lie 
just below the ground slate level of the un- 
paired electron and be even closer than the 
A" level just discussed because the representa- 
tion of Ri is A\ It may be seen from Fig. 6 
that this requirement cannot be satisfied. 

If the species present is instead taken to be 
NCS", there is less difficulty in giving a qual- 
itative explanation of the observed g values. 
For this bent molecule the unpaired electron 
would be the seventeenth valence electron 
and would occupy the level of symmetry A‘ 
which correlates with the next highest and 
weakly antibonding orbital of the linear mole- 
cule. The NCS"" could be bent to such an 
extent that the interaction between this level 
and the A' level just below could give the 
main contribution to which would be 
positive, with important contributions to 
and coming from interaction with the 
next lowest level of symmetry A\ In this way 
A^, could be larger than A^j. and A^y, 
it remains to attempt to differentiate be- 
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Fig. 6. Correlation diagram for a BAC trialomic molecule after 
Walsh 1 13] The order of the energy levels on the right hand 
vertical axis corresponds to that calculated by McLean and 
Yoshimine for the NCS" ion [16]. The 15th and 17th valence 
electrons would be unpaired in the ground slates of NCS* and 
NCS” respectively. The symmetries of the orbitals in the C, 
group are shown as/4' or/4". 


tween the two possibilities NCS • and NCS" 
by consideration of the hyperfine coupling. 
Like the CO^" radical (15], the radical NCS" 
would have seventeen valence electrons and 
approximately the same bond angle of 128'’. 
The unpaired electron in COa' occupies the 
4/4 1 orbital, which is made up largely of C(2ji’) 
and C(2pz) atomic orbitals, where the z axis 
bisects the OCO angle for the molecule of 
Cgt, symmetry. Similarly in NCS" the unpaired 
electron would occupy a molecular orbital 
consisting mainly of carbon 25 and 2p 
orbitals and of symmetry A'. Again a con- 
sideration of the sign of (3cos'</>~l) in 
various regions allows an estimation of the 


signs and relative magnitudes of the com- 
ponents of the anisotropic hyperfine coupling 
tensor. It is deduced that with the unpaired 
electron concentrated on the carbon the 
largest value of the tensor corresponding 
to a principal axis would occur when the field 
is perpendicular to the molecular plane and 
that the sign in this case would be negative. 
The other two components of the anisotropic 
hyperfine tensor should be smaller with 
positive signs. As the observed coupling 
constant 5*6 Mc/s corresponds to the direction 
for which g = 2-034, thought to be perpen- 
dicular to the molecular plane of NCS*, then 
this coupling constant is taken to be negative 
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and the other two values, 6*4 and 6 6 Mc/s, to 
be positive. This gives = 2-5 Mc/s and 
the tensor (3*9, 4*1, -8*l) for the anisotropic 
part of the hyperfine coupling. This is in satis- 
factory agreement with the deductions from 
the (3cos2(/)-l) expression. The figure 8*1 
Mc/s gives a value = 0’085. That about 
8 per cent of the unpaired electron be in a 
nitrogen p orbital is in satisfactory agreement 
with the assumed electronic configuration. 
This may be compared with the value of c/ 
at each oxygen in C02‘ which is 0-1 57. The 
observed hyperfine coupling is not incom- 
patible with the NCS • radical, in which the 
unpaired electron would occupy the highest 
energy A' bonding orbital, assuming a bent 
molecule. This orbital would be largely made 
up of N(2p;), C(2pg) and SOpz) atomic orbit- 
als, still using z in the sense indicated for the 
Cs group. In this model the largest value of 
the anisotropic tensor would be of positive 
sign and would correspond to the field being 
approximately along the NS direction. The 
other two values would be smaller and of 
negative sign. Since the absolute signs of the 
experimental coupling constants are not 
known, it is not at present possible to dis- 
tinguish between NCS • and NCS" solely 
on the basis of hyperfine interaction. 
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Abstract -The isomer shifts of the 21-6 keV. Mossbauer absorption of the nuclei, were studied 
in various divalent europium compounds. It is shown that the interpretation of the results, on the 
basis of covalency effects due to low electronegativity of the anions alone, is unsatisfactory. On 
the other hand it is shown that the isomer shift is very sensitive to the actual distances between the 


europium ions and their nearest neighbour anions 

INTRODUCTION 
The isomer shifts of the recoilless resonant 
absorption of the 2 1 *6 ke V, y radiation in ’ Eu 
nuclei, were discussed in many articles [I -6], 
The experimental values of the isomer shifts 
were found to be in the range between -15 
mm/sec to H-4 mm/sec, and to depend on the 
ionization states of the europium ions in the 
investigated compounds. The absorption 
lines, of divalent europium compounds, are 
shifted, with respect to EiiaO.} by — 15 mm/sec 
to -10 mm/ sec. The observed isomer shifts 
were interpreted [1, 3-5] as due to covalency 
effects which increase the s electron density 
at the Eu*'^* nuclei. It was believed that such 
effects increase as the electronegativity of 
the anions in the compound decreases[4]. 
However, no monotonic variation of the iso- 
mer shift with the electronegativity of the 
anions is found (Fig. 1). Thus, we suggested 
[7] that one should get more insight into the 
crystallographic structure of the investigated 
compounds, in order to get better under- 
standing of the isomer shifts in divalent 
europium compounds. 
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sponsored in part by the Air Korcc Materials Laboratory 
Re.search and technology Division AFSC through the 
European Office of Aerospace Research. Uniled Slates 
Air Force Contract F61052-67C'0040, and was done in 
partial fulfillment of the Ph D requirements of the author. 

tDeparlmcnt of Chemistry, Polytechnic Institute of 
Brooklyn. 333 Jay S(.,N.Y. 11201. 



Electronegativity values 

Fig, 1 Isomer shifts of some divalent europium com- 
pounds as a function of the electronegativity of the anions. 
No monoionic relation is found between these two 
quantities, (a) [18], (b) (19); (d) (3]: (e) (Ij. (k) [20]. 

(I)[21]. 

In order to clarify this problem, we measur- 
ed the isomer shifts of the resonance lines 
of '^’Eu nuclei, in the three series of divalent 
europium compounds: sulfides, selenides 
and oxides. The results are given below, and 
are correlated with the crystallography of 
the compounds studied. 

EXPERIMENTAL 

The isomer shift measurements were carried 
out using a commercial constant acceleration 


176 .^ 
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Mossbauer effect spectrometer[ 8 ]. The 
source was *^’Sm as a sesquioxide[9]. Apart 
from the measurement of the EU 3 S 4 (for 
reasons given in [ 10 ]), all the spectra were 
taken at room temperature. The velocity 
range of the spectrometer was set between 
-25 mm/sec to 4-20 mm/sec, and the refer- 
ence velocity (zero velocity) was taken 
as the resonance absorption of the 
nuclei in EuoOa. The velocity scale of the 
spectrometer was calibrated with the reson- 
ance absorption of the '^Te nuclei in a-FcjO,-,, 
and was checked with Eu .,03 and EuFs 
absorbers. 

The results, as well as some crystallo- 
graphic parameters, for the three series, are 
given in Tables 1-3. For 3 of the compounds 
we were able to find data in the literature. 


and these compared favourably with our 
results, 

DISCUSSION 

In view of the results, listed in the tables, it 
can be clearly seen that the isomer shifts, 
in each one of the series studied, are not 
limited to one value, as should be expected 
from electronegativity considerations. It is 
seen that the isomer shifts of the sulfides are 
found in the range {-ll'9)mm/sec-hl3»8) 
mm/sec, those of the selenides are found 
between (-12-2) mm/sec and (-13*8) mm/sec 
and those of the oxides between (- 12 * 6 ) 
mm/sec and (“14' 1) mm/sec. Thus, the 
interpretation based on the electronegativity 
of the anions, is not completely satisfactory 
and it is suggested that the actual arrange- 


Table 1. Isomer shifts of divalent europium sulfides, 
d is the mean distance as was estimated from 


crys tallo^raphic considerations 


C ompound 

Crystal 

structure 

dk 

(eslima(ed) 

Isomer shift 
±0-2 (mm/sec) 

EuGd.S, 


2-94 

- il -9 


Th.P, 

2*95 

-12-6(2(KrK) 

EuSni,S, 


2-96 

-12-6 

KuS^ 

Na('l 

2-984 

-12-7 

RuUS, 


3-02 

-12-9 

RiiSc,S, 

CaFe,0, 

3-07 

-13-0 

RuYb,S, 


3-13 

-13-8 

RuY^^ 

raFe,0, 

316 

-13-6 


* References f 1 , 6, 18, 19]. 


Table 2. Jsomer shifts of divalent europium selenides. d is the 
mean Eu-''-Se^ distance as was estimated from crystallographic 
considerations 


(.'ompound 

Crystal 

structure 

d A 

(estimaietl) 

Isomer shift 
±0 2 (mm/sec) 

Ru„ „Cid,i ,Se 

NaCl 

2 '985 

-12-2 

RuNd,Se, 

lh,P, 

3 09 

-12 9 

FuSe* 

NaCl 

3 095 

-12-6 

Fii 1 .u»Sc^ 

Th^P, 

3-14 

-13 1 

FuScjSe^ 

(aFe^Oj 

3‘I7 

-13-4 

EuLuiiSc^ 

CaFcoO, 

3 '25 

-13-6 

EuHo^Se, 

t aFe^O.^ 

3-28 

-13 8 

HuY^Se^ 

(aFciO^ 

3-29 

-13-8 


References [1, 6, 20J. 





ISOMER SHIFTS IN "“Eu 


1763 


Table 3. Isomer shifts of divalent europium oxides, d is the mean 
Eu^^-0^" distances as is known from crystallographic data 


Compound 

Crystal 

structure 

d k 

(estimated) 

Isomer shift 
(mm/sec) 

EuO* 

NaC! 

2 984 

[1,6,18,20] 

EU304t 

CaFe^O^ 

2'711 

-12-6±01 

EuTiOa 

Perovskite 

2-75 

-13-5±0 1 

EuZrOg 

Perovskiie 

2% 

-141±0-2 


*Noi measured in this work. 
tSee also reference 111]. 


ments of the europium neighbours influence 
the isomer shifts in these compounds. 

This suggestion is based on the experi- 
mental and calculated results of the isomer 
shifts of the ^^Fe resonance absorption lines 
in CoO and FeF2[l2-l5]. It was shown by 
Simanek et u/.[14,15] that applying pressure 
to the Mossbauer samples, results in a net 
increase of the s electrons density at the 
nuclei, as much as the interionic distances 
decrease. This is an effect of ‘overlap dis- 
tortion’ of the electronic wave functions[16]. 

Assuming that this effect also holds for the 
europium ions in compounds, we plotted the 
isomer shifts, obtained from the spectra, as a 
function of the mean ionic distances d, 
between the divalent europium ions and their 
nearest neighbours divalent anions (Figs. 
2-4). (In Fig. 4 we also included the results 
obtained froni_EuO from the literature). Since 
not all the d values had been known, we 
estimated them from crystallographic con- 
siderations[7]( Appendix). 

_ The plotted results, of the isomer shift vs. 
d, show a monotonic increase of the isomer 
shift (towards the positive velocity) as the 
mean ionic distances d decrease, thus indicat- 
ing the increase of the s electron density at 
the nuclei. Such an increase of the s 
electron densities at the nuclei was found also 
in the pressure induced isomer shifts in •'^Te 
nuclei[12-15]. We thus suggest that the same 
effect occurs here with the exception that 
instead of applying pressure to one sample we 


~i I r I ^ 1 

JSOMEH SHIFTS OF DIVALENT I 

EUROPIUM SULFIDES I 

v» Eu**- s'* DISTANCES H 

I EuGd2S4 

‘ ^ Z EuEut54 

^ 3 Ei>Si’^S4 

] ® A EuS 

5 Eu LOf $4 ^ 

6 EuSctS4 
• 7. EuYbtS# 

’ I 8 EuY,S. 


J I ^ 1 J 1 I 

2-94 302 310 3-18 

d A* 

Fig. 2. Isomer shifts of divalent europium sulfides vs. 
mean distances d. The d values were estimated 
by crystallographic considerations [7] (Appendix). 

use the differences of the ionic distances in 
the various compounds. 

The influence of the electronegativity of 
the anions on the isomer shifts is mostly seen 
in the longer d limits of the 3 series of com- 
pounds. Since the electronegativity of 5 and 
Se is nearly the same (2-44 and 2‘48)[I7]. it 
seems that the isomer shifts of the sulfides and 
the selenides in this limit are the same, while 
the isomer shift found in the oxides, for long 
J, is more negative, because of the higher 
electronegativity of the oxygen. 

Finally it should be noted that, by invoking 


-11-5 

- 12-0 

-12-5 

u 

S -fyo 

N 

E 

E 



-14-0 

-14-5 
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overlap distortion effects, we are able to 
understand the isomer shift in EuO, which has 
not been understood on the basis of the 
electronegativity considerations [4]. 
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APPENDIX 

The isomer shifts of the '^'Eu recoilless absorption 
were studied in four typical structures found in divalent 
europium compounds. Thus, the mean ionic distances, 
between the divalent europium ions and their nearest 


neighbours divalent anions, should be estimated in an 
appropriate way for each structure. In these estimations 
we used only the lattice constants and the geometrical 
structures of the studied compounds, so that the changes 
of the ionic radii due to coordination numbers were not 
involved here. 

For the NaCl type of compounds, i.e, EuO. EuS, EuSe 
and Eu,)0G(L,Se, the distances between the cations and 
the anions were taken as half of the lattice constants, 
where the latter a[e given in the literature[22-24) The 
calculations of the d values for the perovskite compounds, 
i.e. EuTiO^ and EuZrO:i, were based on the lattice con- 
stants and the crystallographic discussions given in [22] 
and [25]. The estimated values of both the NaCl type and 
the perovskite compounds are not mean values and are 
accurate to the same degree as the lattice constants 
accuracy. 

The estimations of the J values of the Th3p4 type com- 
pounds and the CaFe^O^ type compounds, were some- 
what more complicated since the crystallographic 
descriptions of these compounds involve also u or x, v, z 
parameters, respectively. In the Th,P4 type compounds 
there are two sets of 4 anions as nearest neighbours to 
the metal ion, while the appropriate distances for each 
set was given by[26]; 

(/, = a„ . V'3(</Hff/I2 + 5/I92)’'*|A1 

d, = a„.\/i{u‘‘~Sul]2+ni\92y'W 

Both distances are equal for w — I/I2 where then 
d^~ ds~ U() . 0-346[A1 

Since the u parameters of the studied compounds have 
not been yet known, we used the value ofw = 1/12 which 
was found for some other compounds of this structure 
[28{. The values of the lattice constants were taken from 
[29] and [30]. 

The estimations of the d values of the CabciO^ type 
compounds were based upon the investigations of EU3O4 
[27 1 and the value of the mean distance between the 
divalent europium ions and their nearest neighbours 
divalent oxygen 10ns. {2-711 A) which was found there. 
We estimated the d values, for the other compounds of 
this structure, using the relations between the lattice 
constants of these compoundspi] and the lattice con- 
stants of Eu., 04127] Both the d values estimated for the 
Th,,?^ compounds and the CaFe^O^ compounds have less 
accuracy than those obtained for the NaCl compounds 
and the perovskite compounds because of lack of detailed 
crystallographic information. 
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Abstract -The Jahn-Teller theorem predicts that orbilally degenerate complexes in solids can lower 
their energy by a distortion which lowers their symmetry. Exact degeneracy is not necessary for this 
instability; usually it suffices if the actual separation of the energy levels involved is less than the 
energy reduction which would result if they were exactly degenerate, We discuss various cases of 
accidental degeneracy in cubic and tetrahedral systems. With accidental degeneracy it is possible to 
get mixed distortions which involve both trigonal and tetragonal distortions. These have probably been 
observed for the negative vacancy in silicon, and possibly for the neutral vacancy in diamond. The 
theory is applied to both these cases, and it is compared with the earlier qualitative arguments of 
Watkins, 


1. rNTRODUCTION 

The Jahn-Teller theorem asserts that orbi- 
tally degenerate molecules or complexes in 
solids can lower their energy by a distortion 
which lowers their symmelry[l]. The in^ 
stability occurs because the Hamiltonian has 
matrix elements linear in the distortion, 
whereas the elastic restoring forces are quad* 
ratic in this distortion. The theorem is usually 
applied to cases where the degeneracy of the 
energy levels is exact and arises from some 
symmetry of the system. However, exact 
degeneracy is not necessary for an instability 
[2], Usually it is sufficient if the reduction of 
energy by distortion for exact degeneracy 
exceeds the actual separation of the levels 
involved. Near degeneracies can occur even 
when there is no underlying symmetry reason, 
and are known as ‘accidental’ degeneracies. 

Accidental degeneracy is particularly 
interesting because the matrix elements linear 
in the distortion, responsible for the instability, 
may connect slates which transform according 
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Scieniiliques No. A.0. 2646). 


to different representations of the appropriate 
symmetry group. Usually, with exact degen- 
eracy, matrix elements within one represen- 
tation alone are considered. For this reason 
more varied phenomena occur with accidental 
degeneracy, and inter-level terms are impor- 
tant in the examples considered here. 

Opik and Pryce discussed the near degen- 
eracy of the 2s and 2p levels of the F centre. 
These states are coupled by odd modes parity 
of Tiu symmetry. For suitable values or 
parameters the system was unstable with 
respect to these distortions. The interesting 
feature here is that a system with full cubic 
symmetry can lose its inversion symmetry by 
a Jahn-Teller instability. As the selection 
rules for optical transitions depend on the 
parities of the stales involved this particular 
instability may profoundly affect the observed 
properties of the centre. 

This article is mainly concerned with nearly 
degenerate E and T levels in tetrahedral or 
cubic symmetry. The calculations show that 
configurations may be achieved which are of 
lower symmetry than those obtained ignoring 
the near degeneracy. Also the inter-level 
terms may alter the relative importance of 
trigonal and tetragonal distortions for relative- 
ly isolated levels. The results are particularly 
relevant to defects in the valence crystals 
diamond. Si and Ge. Two cases are discussed 
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in detail. The first is the negative vacancy in 
Si, where Watkins [3] observed mixed trigonal 
and tetragonal distortions. His description in 
terms of a one-electron model is related to a 
new description, appropriate to a many- 
electron model of the type introduced by 
Coulson and Kearsley[4], for diamond. The 
second case discussed is the neutral vacancy 
in diamond. The stress-splitting of the zero 
phonon line of the GR I band shows ano- 
malies. and these may be related to the low- 
symmetry distortions discussed herel5]. 

2. COMBINED TRKiONAL AND 
TETRAGONAL DISTORTIONS 

The Jahn-Teller instability arises from 
matrix elements of the Hamiltonian which are 
linear in the distortions of the environment. 
As an example of a system in which the matrix 
elements of importance connect non-degen- 
erate levels, we discuss in detail the case 
where a 7', level (comprising the states 
close to an E level 
(comprising states \e> and |0>). For zero 
distortion the 7 level lies A above the E level. 
Within these levels the use of symmetry 
simplifies the matrix elements linear in the 
distortion to the form; 


In addition to these linear terms there are 
elastic energy terms quadratic in the distor- 
tions. The matrix elements of these have 
the form: 

+ + W + T + r)] i (2.2) 

where 1 is the unit matrix. 

The static distortions of this system will 
now be discussed, giving the configurations 
Q = (e, which minimise the total 

energy. As general solutions of the secular 
equation are so complicated as to hide the 
important features the results will be given for 
various degrees of intra-Ievel coupling and 
inter-level coupling. Dynamic effects and spin- 
orbit coupling are ignored. 

2.1 Intra-level coupling only 

We first consider the case when there is no 
coupling between the E and levels, i.e. G fx 
is zero. This is the standard case, where there 
is only coupling within each state. Opik and 
Pryce concluded that the E stales would 
distort tetragonally, with energy reduction 
The T state distorts trigonally if the 
reduction of energy by trigonal distortion, 
(j'jrl'iKf, exceeds GyKf.:) otherwise atetra- 


< 

1 

w 

> 

('rr^ 

Giyl] 

+V3Gr.\4 


<7)1 

(^rr ^ 



-GfxV -V3Gr,\'ri 


<il 

Grr^r) 

iirri 


IGrxl 

(2.1) 


~-Gix( 

~ G r V n 

20’ T\ ^ 

— G (,>; 6 +G 6 


<f| 


V 3 G 7 -H J) 


1 0/,7,'€ Gf,;t:0 



The Gu are coupling coefficients, where I = 
Z:,!* labels the symmetry of the mode involved, 
and J - £, A', T indicates the states involved. 
The matrix elements within the T state have 
J = T and those connecting the T and E 
states have J — X, The notation €, t) , ^ for 
the normal modes of even parity is standard.* 


*ln Ictrahcdral symmetry there are, in general, two sets 
of 7 2 normal modes. We will only discuss vacancy centres 
with this symmetry; for vacancy centres there is just one 
set of Ti modes, and no ambiguity arises. 


gonal distortion results. Mixed tetragonal and 
trigonal distortions do not provide stable 
distortions; this result has recently been 
verified with more general assumptions by 
Wysling and Muller (6]. 

2,2 Inter-level coupling only 
In this section Grx is assumed to dominate, 
and we treat the case Gfi, = 

The eigenvalues can be obtained, as functions 
of G 7 ;v. From these configurations of minimum 
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energy are found; there are minima for each of 
the five energy surfaces E{Q). Subsequently 
Section 2.3 discusses the effects of intra level 
coupling. 

When Gi’E, Get and Gn are all zero the 
eigenvalues for an arbitrary configuration 
0are: 

, 2 

E„ — /Cr q“ + “ A, 

+ yj (^)%2G2r,v<7Mt±Vl-0) 

j (2.3) 

in which = and 

The origin of energy is taken 
to be the centre of gravity of the electronic 
energy levels for zero distortion. The energy 
surfaces are labelled a, b, c\ d and 

The results can be conveniently expressed 
in terms of F, a dimensionless parameter 
defined by: 

F=m)l(GyKr). (2.4) 

F is a measure of the inter level coupling, and 
tends to zero as the coupling becomes large. 

It is easily shown that the lowest energy is 
always found with \d), and is achieved with 
(f) = 0. This corresponds to one of six distor- 
tions with equal to (±^,0,0), 

(0,±(7,0) or (0, 0,±(y), Minimising the 
lowest eigenvalue, F^, with respect to q gives: 

kl=^V(l-F^) (2,5) 

Kr 

so there will be an instability in state \d) if 

and Er do not represent separate energy surfaces, 
but give different sections of two intersecting energy 
surfaces. E^ comprises the upper two branches at the line 
of intersection and the lower two branches. Failure to 
recognise this can lead one to identify spurious minima, 
such as the one on the line of intersection ib- \. 


|f I < 1. The energy levels for the equilibrium 
configuration of the ground state (Q = Qd„) 
are given in Fig. 1 as a function of F; the 



Fig. I. The energy levels in the £+ 7j case are shown 
in units of as a function of F = A/(46’yAr). In 

all cases the levels are calculated for the connguration 
which minimises the energy in the ground stale. 

energies are in units of GlJKr. In this con- 
figuration the ground slate for the (0,0, 
distortion is: 

k> = V(i(l+F))(0)-\/(i(l-F))|{) 

( 2 . 6 ) 

with energy 

E = -(GyKr){\ + iF-\-F^^). (2.7) 

The state \d) also shows an extremum with 
(^= 5 if |F| < i This is a saddle point, not 
a minimum, and corresponds to a (0,^^, 
distortion with energy 

HGhlKr){i-FtF-\^iF‘^). 

Similarly, there is a saddle point in |e) with 
energy 
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iflFl < (l/4)and(/)= 3/4. 

The other states, |fl), \b} and |c), show no 
insiability from interlevel coupling. They are, 
of course, still affected by the coupling within 
the E and T levels. 

2.3 Arbitrary intra level and inter level 
coupling 

We follow the method of Opik and Pryce 
[2], and express the wave function ^ as a 
linear combination of the basis functions, t///, 
of the nearly degenerate states: 

'J' = S 

j 

2 ( 2 . 8 ) 


where Q is one of the normal coordinates 
€, 7} or With these equations we can 

express the Q in terms of the Inserting 
these values for the Q in equation (2.9) we 
obtain a set of equations in the unknowns 
E and n,. These equations can be solved 
exactly. 

It is easily shown that the extrema obtained 
with zero inter level coupling alw-ays exist. 
Their energies were given in Section 2. 1 . 

The first mixed solution obtained gives 
the six possible distortions with {6, e, t/, p 

equal to {p, 0, 0, 0, ±q), -^p, 0, ±q, oj 

or^-4p,+^p,±q,0,0y 

The energy at these minima is: 



The coeflficients Uj are solutions of the 
equations: 

Ea, = 2 (2.9) 

J 

where is the sum of a Jahn-Teller matrix 
element and an elastic energy term. The 
extrema of the energy are given by: 


These formulae are only valid if F lies between 
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level coupling this state gives the minimum 
of 1^) with (^=0 discussed in Section 2.2. 
For sufficiently strong interlevel coupling 
the solution with mixed distortions is the 
absolute minimum of energy. This result is 
important. In all cases treated previously 
the distortions which minimise the energy 
have been pure trigonal or pure tetragonal; 
mixed distortions do not provide absolute 
minima in isolated £ or 7 levels. 

Other mixed solutions correspond to \d) 
and 1^) with (j>= 3/4; both are saddle points, 
and neither of these are minima. The solution 
for \d) has displacements (0, equal 

to (-p', 0, ±q\ ±q\ ±p') and cyclic permuta- 
tions in the five-coordinate space. The \e) 
solution has dislortion.s {p'\0y±q\±q'\±p'') 
together with cyclic permutations. 

3. OTHER CASES OF NEAR DEGENERACY 

Certain other cases of near degeneracy lead 
to mixed distortions, and these will be 
discussed in the present section. Although 
we shall not discuss all cases of near degen- 
eracy, l he ones we omit (A-\-A,A+E,E-\-E) 
are straightforward, and need no special 
comment. In the £ + £ case the secular 
equation can be factorised and, as for an 
isolated E level, the energies are functions of 
and not of e or ^ separately. For 
A + E. as has been observed by Elkin and 
Watkins [7], in an analogous case, the energy 
does depend on e and 6 separately; the 
interaction with the A state effectively 
produces a cubic anharmonic term which 
stabilises certain combinations of € and 6 
distortions. 

In all our analysis below we refer the final 
energies to the centroids of the two levels 


for zero distortion. Our convention is arbit- 
rary, but it simplifies discussion when the 
order of the levels is inverted. 

(a) A^ + TzorAi^Ti 

For zero distortion the T level has energy 
--A/4 and the A level 3A/4. The matrix 
giving the Jahn-Teller terms is: 


C,.^(V3€-(?) 


GrfT] 

Gtx^ 

GttS 

-GiT(V3€+^) 

Gtt^ 

GfxT) 

G^^^ 

Gyrf 

2Gi;jd 

G Txi I 


GtxV 

Grx^ 

i 

_/ 


(3.1) 


There are three types of extremum. The first 
is the pure tetragonal distortion found for an 
isolated T level, with energy 
There are three equivalent minima of this 
type. Secondly, there are the four equivalent 
trigonal distortions with |^| = \t)\ = |^|. These 
correspond to the trigonal minima of an 
isolated T level. Although the distortions 
which give energy minima for an isolated 
T level still give extrema, they are only 
minima when Gjx is zero. At the minima in 
the present case the energy has a complicated 
form which we give only in the limit A = 0: 

E = -{\G„\ + '^{Gh + ^Ghmi2KT. 0.2) 
The distortion has, for example: 

^=T,= {= (|G,^| + V(G^^+3G^„)}/6A:,. 

(3.3) 

Finally, there is a mixed distortion, with six 
equivalent minima. One such minimum has 
€ = ^ = T) = 0 and finite values of 6 and 


a— (A-f-Cfx/^r) 

2KrAGyK,)-{GyKr) 

_ , G.v I [A + GlJKr] \GlJKr-^ - 2GirlKA } 
^ ~2Kr (GlrlK,)-(GhlKT) 


(3.4) 



1774 


A. M. STONEHAM and M. LANNOO 


The energy of this mixed state is: 

A Gl,. 1 [^ + Gl,|Kr][2Gl^K,-Gl,|Kr+^] 
4 2Kr 4 ClrlKE-GhlKr 


(3.5) 


This expression is only valid if A lies between 
and The last 

term in E is always finite if this condition is 
satisfied. 

The energies (3.2) and (3.5) are equal for 
purely interlevel coupling, when GVr itnd G\r 
are zero. When there is weak intra level 
coupling and A - 0 the trigonal solution has 
lower energy; in general cases the relative 
energies depend on the actual magnitudes of 
the coupling coefficients. 

ih) l\ + 'i\orT,+ T, 

For simplicity we consider the case of inter- 
level coupling alone. The energy levels are 
±A/2 in the absence of distortion. The relevant 
part of the Jahn-Teller matrix is: 

‘6^,v(V'3e-(9) Grd Gr,r)~ 

Grxi -6',,v(V3£+9) C,,-^ 

(IfxT} Gjx^ 2G},:x(^_ . 

(3.6) 

The solutions are analogous to those for an 
isolated T level, in that there arc both tetra- 
gonal and trigonal extrema, and the mixed 
distortions have energies intermediate be- 
tween these values. Further, the trigonal 
distortion is again favoured if G'^JiKr 
exceeds GUK^;. However, there are now six 
equivalent tetragonal minima, with energy 


When |Al < 4Gfxl^^T there are eight equiva- 
lent trigonal minima, with energy 



and with distortions such as: 



The degeneracies which are associated with 
the different possible signs of 0 and of 
f , T) and t may be lifted by anharmonic terms 
or by the intralevel coupling. Inclusion of 
these extra terms greatly increases the 
difficulty of the problem, and we have not 
examined these features in detail. When there 
is both interlevel and intralevel coupling, 
mixed distortions can occur. This can be 
easily seen by considering the effect of weak 
coupling to E modes from intralevel coupling 
when interlevel coupling gives a trigonal 
distortion. However, the general case is 
extremely complicated, and we have not 
treated the most general form. 

(r) 7 , + r, 

Again we consider zero intralevel coupling. 
When the distortions are zero the level 
lies A above the level. The interlevel 
part of the matrix linear in the distortions is: 


E = -^ 

[,4 A/4 yi 

(3.7) 

6) 

G Txi 

GtxV 

K,\ 

WhlKj 

Gr,vt 

+G^.v(V36I-€) 





-(JTXV 


2Gi;v€ 


provided |A| < 4Gy^^f;. The distortions here (3.11) 

are, for instance: 





The results are completely different from the 
(3 8) (T’x + Ti) cases. There are 

three classes of distortion which give minima 
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in £(Q). As the solutions are complicated, we 
introduce the abbreviations: 



yr 

^yr-yt: 


y, = GlJK, 

yr ~ Gj-xIKt 

Ys = (3yfi+Y7')/4 

Ya = Yr{yr+2yK)/(4Y7.-y£) 


1^1= hi 


(3.12) = 


— Gfx 

Kr 


1 - 


4y3 


v'((2yr+yE)(y7--yf)) 


4yr-ye 


(3.18) 


To summarise, we have; 


The first solution gives six equivalent minima. 
These are orthorhombic, one of them having 
e finite and ^ = 7;= { = 0. Its energy is 


(i) Ye < Yr : < £3 < £, 

(ii) bt: < Yr < Ye : £a < £] < £2 

(iii) yr < bi: ■ £i < £2- 



and the distortion is: 



(3.13) 


(3.14) 


These are valid when 4yE > |A|. The second 
solution gives a mixed distortion, with 
0 and { finite, and e= t]= 0. It has C2 
symmetry, and energy: 


£2 = -Y2{l+(^y) (3.15) 


valid when 4y2 > |A|. There are 12 such dis- 
tortions, for example: 



The third solution also gives a mixed distor- 
tion, but with 0= 0, and |^| = |i^|. The 

energy at this minimum is: 



1 + 



(3.17) 


valid when 47^ > |Al and 47^ > 7/:. In this 
case the symmetry is C,, and there are 24 
equivalent sets of distortions, corresponding 
to the various permutations of signs and inter- 
change of cube axes with: 


id) E^Ty 

This is very similar to the example given in 
detail in Section 2, (£+ Tj). The Jahn-Teller 
matrix elements differ from the earlier 
example in that the elements involving 
je) and |d) should be interchanged, and those 
in |d) changed in sign. The energy reductions 
and distortions are not affected, but the wave 
functions are altered. The results for 7, + £ 
can be obtained from the earlier results by 
the substitution of ~\S) for |e) and of Ic) 
for |0). 

4. COMPARISON WITH EXPERIMENT 

In this section we discuss briefly a number 
of systems which illustrate the Jahn-Teller 
effect for near, rather than exact, degeneracy. 
The systems described all show mixed tri- 
gonal and tetragonal distortions. Examples 
are the negative vacancy in silicon [3] and the 
transition ions Pd~^ and Pt“ in silicon and 
Ni“ in germanium[8]. The neutral vacancy 
in diamond may exhibit mixed distortions 
also, but the evidence is less direct. We will 
only discuss the vacancy centres in valence 
crystals, and will outline the reasons for 
expecting them to show the effects of near 
degeneracy. Watkins has emphasised [9, for 
example] that the Jahn-Teller terms are 
particularly large in silicon. 

It is easy to show that, for these vacancy 
centres, there are likely to be energy levels 
nearly degenerate with the ground state of 
the centre. The electronic properties of 
vacancies in valence crystals are largely 
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determined by the so-called ‘defect electrons'. 
In the neutral vacancy, for instance, four 
bonds were broken in forming the centre; 
the four electrons on the neighbours which 
previously participated in the bonds are the 
defect electrons. New molecular orbitals can 
be formed by taking linear combinations of 
the broken bond orbitals. In particular the 
molecular orbital of lowest energy, |u), has 
A I symmetry; above it are three degenerate 
T 2 orbitals, |/^) and These one- 
electron orbitals are filled successively by the 
defect electrons, giving electronic configura- 
tions However, from any one configura- 
tion a number of many-electron states may be 
constructed, and these states will, in general 
be close in energy (4]. For the negative 
vacancy in silicon three states of the same 
spin 'Ti and ^^ 2 ) and one other 
derive from the configuration For the 
neutral vacancy in diamond there are again 
three states of the same multiplicity 
and '/4i) and one of different multiplicity 
(•^T,) which all derive from v~t’\ 

In the simplest models of the vacancy 
centres all states which derive from the same 
configuration are exactly degenerate. 
The degeneracy will be removed by the 
electron-electron interaction, which admixes 
states of the same symmetry derived from 

i’" configuration 

interaction is very important in diamond and, 
as we shall show, may cause large enough 
splittings to inhibit Jahn-Teller instabilities. 
On the other hand, in silicon, Watkins has 
found that the configuration interaction is 
much smaller, and may often be ignored. For 
this reason he has been able to interpret 
his data in terms of a one-electron model, 
rather than in terms of Jahn-Teller coupling 
between many-electron states which are close 
in energy. The two pictures have much in 
common, for example, both recognise that the 
matrix elements which cause the instability 
are linear in the distortions, and indeed the 
one-electron model can be considered as a 
special case of the many-electron picture. 


We shall not compare the two viewpoints 
in detail here, but merely observe that 
Watkins' model is particularly useful for 
understanding the nature of the ground states 
of these centres a posterioris when the con- 
figuration interaction is known to be weak. The 
approach via the many-electron states of low 
energy is more appropriate when one wants 
to predict the ground state a priori, since 
this approach involves a more general for- 
mulation of the Jahn-Teller problem and also 
detailed consideration of the energy separa- 
tions of the various many electron states. 

We conclude this section by discussing the 
neutral vacancy in diamond, since the centre 
has been studied extensively theoretically, 
and it is possible to give some idea of the 
relative importance of the configuration inter- 
action and Jahn-Teller terms. Although the 
Jahn-Teller terms dominate in silicon, the 
situation is less clear in diamond. The 
evidence for mixed trigonal and tetragonal 
distortions of the neutral vacancy in diamond 
comes from the stress splitting of the zero- 
phonon line of the GRl band, often attributed 
to the neutral vacancy [4, 5]. Theoretical 
treatments suggest that the ground state is 
*£, separated by some 0*05 eV from the 
state; the next state, ‘Tg, is about 2 eV higher 
in energy. The GRl band is attributed to 
transitions between the and 'T., states. 
The interlevel coupling which gives rise to 
the mixed distortions can occur in two obvious 
ways: coupling between and '^Ti, or coupl- 
ing between '£ and Tg. Although ‘£ and 
are very close in energy, their coupling 
depends on the spin-orbit coupling. In dia- 
mond the spin-orbit coupling is very weak, 
and the difference in multiplicity effectively 
reduces Grx by about 10*^ The interaction 
is then too weak; mixed distortions would 
only occur if the two levels were only separ- 
ated by about 10"^ eV. The and levels 
have a larger separation, and should exhibit 
an instability if Grx exceeds about 4eV/A. 
Calculations based on the point-ion model 
[10, 11] give 2*6eV/A,and those based on the 
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LCAO method[12] give 0*26 eV/A. These 
results are not conclusive; what the calcula- 
tion does emphasise is that, if the interpreta- 
tion of the experiments is correct, the Jahn- 
Teller coupling between the ‘E and 'Tj stales 
is only just large enough to cause the 
instability. 

To summarise, we see that near degener- 
acies occur quite naturally for vacancy 
centres in valence crystals. The degeneracy 
of states derived from any one configuration 
is removed by the interaction between the 
defect electrons. In silicon the Jahn-Teller 
terms are much larger than the splittings due 
to the electron-electron interaction, but the 
two terms are comparable for diamond. The 
near degeneracies which are important in 
both these cases involve states with the 
same spin. It is clear, however, that in systems 
where there is appreciable spin-orbit coupling 
the near degeneracy of states with different 
multiplicity may be important. 

CONCLUSION 

Nearly degenerate levels are coupled by 
terms linear in the distortions of the environ- 
ment. When the coupling is sufficiently strong, 
and the levels are sufficiently close, a Jahn- 
Teller instability occurs. In combination with 
this the Jahn-Teller coupling within the levels 
can lead to mixed trigonal and tetragonal 
distortions; these cannot occur if there is no 
coupling between the levels. 


These mixed distortions are of importance 
for defects in valence crystals, and offer an 
explanation of the spin resonance data for the 
negative vacancy in Si. It is possible that the 
low symmetry distortions also explain the 
unusual stress-splitting of the zero phonon 
line of the G R 1 line in diamond. 
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DIAGRAMS: In-Ga-As and In-As-Sb 
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Abstract- It has been demonstrated that certain thermodynamic properties of Jll-V systems can 
be described using the quasi-chemical equilibrium treatment of a lattice model for the liquid and solid 
solutions where each atom interacts with only its nearest neighbor atoms. The calculated activity of In 
in In-Sb solutions, activity of As m Ga-As solutions, and liquidus curves m the In-Sb. Ga-As and 
In- As systems all agree well with available experimental data. The quasi-chemical equilibrium 
approach has been used as the basis for a calculation of the phase diagram for a general ternary 
system /I, r containing the binary compounds AC and liC which are stoichiometric and com- 
pletely miscible. I he parameters needed for the calculation arc the melting temperature and entropy 
of fusion for both AC and HC and the interaction parameters. . li| /c hi ^ which are 

constants representing ihe interaction energies in each of the binary systems The calculation was 
carried out numerically for two ternary systems In-Ga-As and In-As-Sb. The excellent agreement 
between calculated and experimental results indicates that the quusi-chemica) equilibrium model is 
valid for the description of the liquid and solid solutions involving elements from groups 1 1 1 and V of 


the periodic table 

1. INTRODUCTION 

A METHOD of calculating the ternary phase 
diagrams for II l-V systems from the available 
thermodynamic data is extremely desirable 
because such diagrams arc useful in the 
growth of 1 1 l-V mixed crystals from equi- 
librium liquid phases. I he experimental deter- 
mination of the phase diagrams including 
liquidus curves and tie lines is a prohibitive 
task because of the time required and the large 
degree of uncertainty in the results. It is the 
purpose of this paper to present a method of 
calculating 1 1 l-V ternary phase diagrams 
using the quasi-chemical equilibrium approach 
of (juggenheim[l]. The results of the cal- 
culation for the In-Ga-As and In-As-Sb 
systems will be presented. 

Previous attempts to calculate III-V phase 
diagrams have been restricted to applying the 
regular solution approach to the interpretation 
of II l-V binary phase diagrams [2-6], and the 
extrapolation and interpolation of experi- 
mental points in ternary systems[7-10]. 
However, the III-V binary systems studied 
do not behave as regular solutions [5, 6, 13]. 


The quasi-chemical equilibrium approach has 
been used successfully to describe the 
Cd-Bi-Pb, Cd-Sn-Pb, and Al-Bi-Pb 
systems[l 1], but not until now applied to 
III-V systems. 

2. I'HE MODEL 

The lattice model is commonly chosen to 
represent the III-V solution. In a solution of 
N , atoms of A and atoms of each atom 
is surrounded by Z nearest neighbors. The 
energy of the solution is regarded as a linear 
function of the number of the various types 
of bonds between nearest neighbor atoms. 
The energy of solution or interaction para- 
meter, ii ifl, may be expressed 

= z(^t — Effii))- tl) 

'Lhe /:,j term represents the interaction energy 
of an i-j nearest neighbor pair. 

In principle, an exact statistical theory can 
be used to derive the thermodynamic proper- 
ties of this model solution. The configurational 
partition function can be written. 
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^^Pi-iUNjRT) ( 2 ) 

but the function ui^A^Nn^N the number 
of anangemcnls of N A atoms and N^-B 
atoms so that there are /Vah'/I^ pairs, 
cannot be formulated explicitly; so. it is 
necessary to use an approximate theory. 

rhe simplest and most often used approxi- 
mation is to assume a random distribution of 
A and B atoms, 'fhis leads to a regular solution 
defuied|l2) as one m which the excess 
enthalpy of mixing is non-/ero. while the 
excess entropy of mixing is zero. This ap- 
proach is internally inconsistent since it 
assumes a random distribution of atoms even 
though certain configurations are energetically 
more lavoiablc than others. 

All internally consistent and more reason- 
able approximation is the quasi-chemical equi- 
librium approach of Cjuggenheimtll. The 
distribution of pairs is weighted exponentially 
in energy, analogous to the law of mass 
action, hence the name quasi-chemical 
equilibrium. The following equations com- 
pletely determine the thermodynamic 
properties of the solution: 

A' 1 A i exp (2(i JZRT) (3a) 
2AM'fA„-/A, (3b) 

2 A,, -I A„-/A,. (3c) 

This approach can be used to derive the 
activity coefficients A and B in the solution: 


m-i+2A’]"- 

(4;i) 

■l.V(/34-l) 1 



(4b) 

Jl-X)()3+ DJ 



where = [1 + 4A'{ 1 - A') (tj- - I )]’^^ 

X = Ai/(A,T A/,),andT7 - expifli/^/Z/?/). 
To determine the applicability of this model 


to lll-V systems, it is necessary to see how 
well calculated thermodynamic properties 
fit the experimental data in several binary 
systems. The activity of In in the In-Sb 
system has been determined by Hoshino 
et al. 1 1 3] using high temperature e.m.f. 
measurements. Their results at 9(X)°K (Fig. 1) 
are in excellent agreement over the entire 
composition range with the results calculated 
from equations (4a, b), using n„i-sh = -3980 
cal/mole, which are shown as a solid line in 
Fig. 1 . A value of Z = 6 was used and will be 



1 ig. 1. Activity of In vs, atom fraction In in In-Sb solu- 
tion at 90(rK. present calculation; O Hoshino et 

«/.II41;«TerpiIowski[35|. 


used in all calculations involving the liquid 
stale. This is supported by the X-ray measure- 
ments of Buschert, Geib and Lark Horowitz 
1141 on InSb liquid where they found the 
number of nearest neighbors, Z, to be 5*7. 

A quantitative measure of how well the 
curves fit the experimental data is the root 
mean squared [ 15] deviation: 

(r(X) = [i(X„obs.-A',.calc.)-/Nj'« (5) 
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The r.m.s. deviation in activity for the 
data presented in Fig. 1 is 0*008. 

Arthur[6] has determined the activity coef^ 
ficients along the liquidus line in the GaAs 
system from As vapor pressure measure- 
ments. Using a regular solution approach he 
found the interaction parameter to be linear in 
temperature, 


Thurmond [5] determined the interaction 
parameter along the liquidus from the T-X 
phase diagram of Hall| 16] using the formula 
of Wagner[2] and Vieland[4|. based on a 
regular solution theory. He found 

Hca as = 9%0-IM5T. 

Both Arthur and Thurmond concluded that 
the Ga-As system does not behave as a 
regular solution. Arthur's [6] activity coef- 
ficient data plotted in Fig. 2 is in good agree- 
ment with the solid line in the figure which 
was calculated using the quasi-chemical 
equilibrium approximation from equations 
(4a, 4b) with a temperature independent inter- 
action parameter, 

i^(;a-As = -4380 cal/mole. 


The r.m.s. deviation in activity is calcul- 
ated from equation (5) to be 0.018. The maxi- 
mum disagreement of 15 per cent occurs in 
the region A'as = 0-3-0-5, where the maxi- 
mum error in the experimental determination 
of Pas 4 and thus occurs. 

The Ga-As liquidus line on the 7-.V phase 
diagram was calculated using Vieland’s 
expression [4], 


In 


1 

^X(\-X) 



for the GaAs-liquid equilibrium, with the 
activity coefficients expressed in equations 
(4a, 4b). (The superscript s.l. indicates stoi- 



Fig 2. As activity coefficient vs. atom fraction As along 

the Ga-As liquidus. present calculation; O 

Anhur[6] 


chiometric liquid, i.e. X = 0-5) The resultant 
equation can be solved numerically for 
X =/(T), which is shown as a solid line m 
Fig. 3. The liquidus line for the As-liquid 
equilibrium was determined in a similar 
manner. Since the solid has only one com- 
ponent, equation (6) simplifies to 



The calculated liquidus lines agree well with 
the experimental data. The r.m.s. devia- 
tion which results mainly from scatter in the 
data is 16T. Figure 3 also contains the 
results of the calculation compared with the 
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\ \^ \ iquidus curves for the Ga-As, In- As and In-Sb 

systems The calculated li'quidus, represented by the solid 
line, IS compared with the data of Hall[I6J ▲ Raster and 
rhoma j 16| V. I ju and Pcretli|37. 381 . A. 

cxpenincnlal liquidus dalti for In^As and In- 
Sb. The r.m.s. devialion in the liquidus 
for the InAs-liquid equilibrium is 1 l°C. For 
the As-liquid equilibrium, the liquidus 
data IS very poor. In addition, the is only 
csliinated|34|. I hereibrc, two liquidus lines 
were calculated for = 6*Q7e.u. (the 
upper line) and 3-21 e.u. The standard devia- 
lion of the In-Sb liquidus lines is TC. The 
parameters used were; 

ii(.a Vs ^ “4380, 11,, = -6070, and 

ll,,_si, = '3980. 

The values ot'lS' and T‘ are listed ini’able 1. 

rhe comparisons of experimentally deter* 
mined thermodynamic properties with the 
calculated properties strongly support the 
use of the quasi-chemical equilibrium treat- 


ment for III-V systems, even though in each 
case cited the regular solution approach 
has been shown to be invalid[5, 6, 18]. 

3. CALCULATION OF THE TERNARY 
PHASE DIAGRAM A, B, C 

Vieland’s[41 regular solution method of 
treating the equilibrium between a liquid and 
a binary compound of virtually invariant 
composition can be generalized to ternary 
systems of sub-regular solutions by using the 
quasi-chemical equilibrium approximation. 
The liquidus becomes a surface and the solid 
phase field, a line in the binary system, 
becomes a plane. A schematic phase diagram 
for the system A,BX is shown in Fig. 4. The 


BC 



1 iy. 4. Schematic A-B C ternary phase diagram The 
compounds, AC and BC arc completely miscible. The 
solubility ofA,B and C is zero. 


equilibrium treated is between the liquid and 
IIl-V mixed crystal solid solution, /4C-.fiC. 
1 he chemical potentials in the liquid phase 
may be expressed as: 

i = A.B.C 


( 8 ) 



IIl-V TERNARY PHASE DIAGRAMS 


1783 


Table I. Parameters used in the calculation of the In-Ga- 
As and In-As-Sb ternary phase diagrams 


Parameter P 

Value used 

Literature 

value 

TcaAfl 

l5n“K 


TL, 

1215“K 


7n.Sb 

803'’K 


n. 

I090“K 



903®K 



14-7 cu 

13-913U1, 15-3131], I6-64[6| 


14-7 eu 

2l-4[30], 10-4I311, 11-51331 

A-^lnSb 

l3-3eu 

ll-3[30J, ll9[31J, 14-4I33] 



l4-l[32], I2-2131 


3-67 eu 

3-67 [34] 


5-27 eu 

5-27 [34] 


-4380 cal/mole 


t^ln-As 

-6070cal/molc 



-3980 cal/mole 



f I066cal/molc 


As-Sh 

610 cal/mole 


t^iaAs-liiAs 

2800 cal/mole 


tl'InA'i-ln.Sb 

2900 cal/mole 



where T) is the chemical potential in the T) - pC '(T)-\-pr ' {T) 

standard slate of - I and y, is the activity - - T ) 

coefficient of component f. The chemical ^ ^Cp[T^^f-T—T\r\{T^ulT)]. 

potentials in the solid phase are / 1 


p<,,U)=pZiT) + Rr\ny,rX (9a) 

filc(T)-^pZiT) + RT\n ynr {\~-X) ( 9b ) 

where X is the mole fraction of /IC in the 
solid solution. At equilibrium, 

IJi^Ar{T) = pf{T) + prHT) (10a) 
p^nAT)^p,/(T)+pr^{T), (10b) 


p'lf may be expressed similarly. Neglecting 
the small terms in ACp, the equilibrium 
conditions equations (lOa. 10b) may be com- 
bined with equations (8-11). The result is 




' y(- 

+A5^;.(7i; -T)//?T 


(i:a) 


1'he chemical potential of pure AC may be 
determined in terms of the chemical potentials 
of the stoichiometric liquid. /x^"'(r) and 
/x/'‘(7). the entropy of fusion, the 

melting temperature, 7^V' 
difference in specific heat between the 
compound and its supercooled liquid, by 
considering the total change in chemical 
potential as the compound AC at 7 < 7^^. 
is heated to the melting temperature, melted, 
and the resulting stoichiometric liquid super- 
cooled to 7. The resulting expression is [4] 




' 4y»y( /VjjA'rA 

. yn 'yi" I 


+ lS^,(n,-T)IRTi\2b) 


N, + N„ + N,-=\. (I2c) 


The activity coefficients may now be 
calculated in terms of temperature and 
composition using the quasi-chemical equili- 
brium theory. "The following six equations 
specify the thermodynamic properties of the 
solution: 
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= { exp (2^l,,IZRT) ( 1 3a) since as T oo, Thus, 


A^/i/iA^rr/(A'«r)' = Uxp(2n,r/Z/?7) (I3b) 
^AA NrrI { N,c ) ^ i exp {2il,rlZR T) (13c) 
,KA~^ ^ ^ M' ~ ^ (1 4a) 



^ Mi ^ [i(‘ " ZN ^ (14b) 

2/V,, +NM^^Nnv^ZNr. (14c) 

The following notation is introduced to 
simplify the expressions; 

X,-^NJZ- i/f^AJiX 

- exp (li,j/ZAT); i.j=^AJi,C 

Combining equations ( 13-14), results in a set 
of three simultaneous equations from which 
X,) and hence N„ may be determined. 



X [fi' X ir) (N It X ui Xfi() 




(15a) 

iNn 

i 

( 

1 



'■)?//( -V/yr = 0 

(15b) 

(N, 

— X 111^ X ir}iNr~ X ii' — Xnf ) 



il 

I 

(15c) 


+ X,r%c}fi[\IT)) x,.s,. (19) 

The calculation is carried out numerically 
to yield the three activity coefficients in the 
liquid phase. The activity coefficients in the 
solid phase, which has only two components, 
are given by equations (4a, 4b), Z is taken as 4 
for the solid since it has the zinc-blende 
structure. 

The activity coefficients y^, -y^^, 

y,ic can all be determined; thus equations 
(I2a-c) can be solved numerically with Ns 
and Nfi given to yield N^y the liquidus tem- 
perature, and the solidus composition in 
terms of the following parameters: 7 
, n and 

which can be obtained from the published 
thermodynamic data for the binary III-V 
systems, 

4. CALCULATION OF THE In-tia-As TERNARY 
PHASE J)IA(;RAM 


These equations cannot be solved analytically, 
but can be solved numerically on a digitial 
computer lor a given temperature and compo- 
sition, giving 

A//)/ -- f X]i('ilji(‘. ( 16 ) 

The activity coelficient y^ is related to 
A/7j/ through the excess free energy of 
mixing. 

AF'^^- (17) 

AF'^'" may be obtained from by integrat- 
ing the Gibbs-Helmholtz equation; i.e. 

I d(AFw/r)=r A//,,d(l/F) (18) 

•'a/-,,"'-'// 


The melting temperature and entropy of 
fusion for InAs and GaAs can be extracted 
directly from the literature. See Table I. 
Hca-A, was determined in Section 2 from 
activity data and the binary liquidus. flm^As 
may be determined from the activity coeffi- 
cients calculated from the As vapor pressure 
data along the liquidus, which is plotted in 
Fig. 5. Only the As.j pressures determined 
by Goldfinger and Jeunehomme[171 are 
presented because Arthur [6] found their 
As 4 pressure measurements over GaAs to 
be in error. Because the extrapolation of 
Goldfinger and Jeunehomme’s data does not 
agree with the results of FoIberth[18] and 
Boomgard and Schol[19], Renner[20] 
calculated at 1000°K from thermo- 
dynamic data. His estimated As^ curve, which 
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00 8 5 90 95 100 lO-S 110 


ioVt("k‘' > 

F ig. 5. Arsenic pressure as a function of l/T for InAs. 
0 Van den Boomgard and Schol[191; ® Foiberth[18]; 
□ Goldfinger and Jeunehomme[17]; V Sirota [21]; 
A Renner [20]. 

agrees approximately with Sirota’s [2 1 ] 
estimates, is plotted in Fig. 5. The Pas* 
curve shown was calculated from the AS 2 
curve using the As 2 -As^ equilibrium constant 
determined by Arthur[ 6 ]. These values of 
^A:.^ ''^ere used in the following expression to 
calculate the activity coefficients: 


Pas 4 was obtained from Thurmond [5] and A'as 
from Hall[16]. 7)2 vs. 1/7 was calculated 
from the data using equations (4a, 4b). The 
slope of 17 ^ vs. 1/7, shown in Fig. 6 , is equal 
to Zflin-As/ZRT giving n,n_As = ~-6070cal/ 
mole. Included in Fig. 6 for comparison is 


17 ’^ for GaAs, which yields fl(ia-As = -4380 cal/ 
mole. 

Macur, Edwards, and Wahlbeck[ 22 ] 
investigated the activity coefficients in In-Ga 
solutions. Using the regular solution treat- 
ment, they foundn,n_cia//?7 = 0-42 at 1269^K. 
At high temperatures (Cl > kT), the regular 
solution approximation becomes equivalent 
to the quasi -chemical equilibrium approach 
so ftin-Ga was taken as 1066 cal/ mole. 

The InAs-GaAs interaction parameter 
was determined from the pseudobinary phase 
diagram (23-25] by adjusting fi|„As-GaAs to 
give agreement between the calculated and 
experimental solidus point at 1300°K. The 
value of ftinAs-caAs uscd in the calculation 
was 2 800 cal/mole. 

The calculated In-Ga-As ternary phase 
diagram is presented in Fig. 7. Two families 
of curves are drawn on the diagram. Iso- 
thermal liquidus curves at 50°K temperature 
intervals are presented as solid lines. Each 
member of the set of dashed curves represents 
the liquidus compositions in equilibrium with 
a fixed solid composition. The curves arc 
drawn for solid compositions of 10, 30, 50, 
70, 80, 90 and 95 per cent GaAs. The two 
sets of lines together allow one to determine 
the temperature-coordinate liquid composi- 
tion pairs with tie lines leading to a given solid 
composition. 

The applicability of the quasi-chemical 
equilibrium approach to the In-Ga-As ternary 
system can be further tested by comparing 
the available experimental phase diagram data 
with the calculated results. In Fig. 8 , the 
calculated InAs-GaAs pseudobinary phase 
diagram is plotted along with the experi- 
mentally determined data[23-25]. Even 
though the InAs-GaAs interaction parameter 
was determined by fitting one calculated 
solidus point to the experimental value, the 
excellent agreement between calculation and 
experiment for the liquidus and solidus across 
the entire diagram is valid evidence in support 
of the model. The r.m.s. deviation is 2-7°, 
comparing the Van Hook and Lenkerl25] 
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I [g 6 I he parameter 17“ (defined by cquauon ( 4 )) as a function of IfT for 
(jaAs and InAs 


liquidus and Woolley and Smith [23] solidus 
data with the calculated curves. 

The calculation is further verified by several 
experimental points on the In-Ga-As ternary 
phase diagram obtained by Ewing [26J. 
lnAs-(jaAs crystals were grown epitaxially 
on InAs substrates by slowly cooling (5°C7hr.) 
an In-Cia-As solution, in contact with an 
InAs substrate, from near the liquidus tem- 
perature. The composition of the resultant 
crystal was determined with an accuracy of 
±2 per cent, using X-ray diffraction. The 
results arc plotted in Fig. 9. 

It should be understood that these were not 
strictly equilibrium measurements. During 
growth of crystals which have a different 
composition than the liquid, concentration 
gradients arc built up near the growing inter- 
face. The magnitude of the gradient depends 
on the cooling rate. For the growth of InAs- 
GaAs crystals reported, one would expect a 
region depleted in As to be built up especially 
when the total As concentration in the liquid 


is low. From the ternary phase diagram, one 
can see that such a depletion layer would 
cause the growing crystal to have a higher 
GaAs content. Thus, the crystal grown from a 
liquid containing 2 per cent As and 38 per cent 
Ga produced a crystal of 99 ± 2 per cent GaAs 
even though the phase diagram indicates the 
solidus to be 95 per cent GaAs. The phase 
diagram indicates that at low Ga concen- 
trations the solidus concentration is not sensi- 
tive to the As concentration, but is sensitive to 
Ga concentration; however, the crystals 
grown from solutions low in Ga have low Ga 
contents. Thus, the Ga depletion should be 
small. 


5. CALClfLATION OF In-As-Sb TERNARV 
PHASE DIA(JRAM 

The parameters for the calculation of the 
In-As-Sb phase diagram, except have 
been discussed above or can be obtained 
directly from the literature. They are sum- 
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As 



hig. 7. In-Ga-As ternary phase diagram. The set of solid lines are liquidus isotherms taken at 50° 
intervals between 850° and I500°K. The set of dashed lines arc iso-solidus-concentration lines. 
Each line represents the liquid concentrations in equilibrium with a fixed solid concentration, The 
curves are drawn for solid compositions of 10, 30. .50, 70, 80, 90 and 95 percent GaAs. 


marized in Table 1. No information is avail- 
able from which H^s-sb could be calculated. 
An estimate can be made from the As-Sb 
phase diagram[27,28]. The minimum in the 
liquidus curve and the tentative existence of a 
solid immiscibility indicate to be 

positive. The As-Sb interaction parameter 
was determined to be 610 cal/mole by fitting 
the calculated As-Sb liquidus curve to the 
experimentally determined phase diagram [28]. 
The r.m.s. deviation between calculated 
and experimental values is I'T. 

The calculated In- As-Sb phase diagram is 
presented in Fig. 10. Liquidus curves only for 
the InAsi-jSb^-liquid equilibrium were cal- 
culated. The boundary between this liquidus 


and the liquidus in equilibrium with As-Sb 
alloys was estimated from three experimental 
points: the In-As and In-Sb binary eutectics 
and the ‘eutectic’ in the InAs-Sb pseudo- 
binary [29]. 

The InAs-lnSb pseudobinary phase dia- 
gram calculated is shown in Fig. 1 1. Again the 
experiment-calculation agreement supports 
the model for the In-As-Sb system. The 
r.m.s. deviation is 19°C. 


6. SI MMARY 

It has been demonstrated that certain 
thermodynamic properties of Ill-V systems 
can be described using the quasi-chemical 
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In 



Fig. 10, In-As-Sb ternary phase diagram. The set of solid lines are isothermal liquidus lines ai 50" 
temperature intervals between 800” and 1 200”K. Each member of the set of dashed lines represents 
the liquid compositions in equilibrium with a fixed solid composition. The lines are drawn for solid 
compositions of 80, 90. 95, 97 and 99 per cent In As. 


equilibrium treatment of a lattice model for 
the liquid and solid solutions where each atom 
interacts with only its Z nearest neighbors. 
The calculated activity of In in In-Sb solu- 
tions, activity of As in Ga-As solutions, and 
liquidus curves in the In-Sb, Ga-As, and 
In-As systems all agree well with available 
experimental data. 

The quasi-chemical equilibrium approach 
has been used as the basis for a calculation of 
the phase diagram for a general ternary system 
A. B, C containing the binary, stoichiometric, 
completely miscible compounds AC and BC. 
The parameters needed for the calculation are 
the melting temperature and entropy of fusion 
for both AC and BC, and the interaction 
parameters, The 


interaction parameters for a given binary 
system are constants which can be deduced 
from any one of three sources: (1) the liquidus 
or solidus curves for the binary systems; 

(2) the vapor pressure of one component over 
the binary solution as a function of l/T; or 

(3) the activity vs. concentration data at one 
temperature. 

The calculation was carried out numerically 
for two ternary systems, In-Ga-As and In- 
As-Sb. The agreement between the calculated 
and experimentally determined phase dia- 
grams was excellent, indicating the validity of 
the quasi-chemical equilibrium model for the 
description of liquid and solid solutions 
involving elements from groups III and V of 
the periodic table. 
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I ig II. InAs-InSb pseudobmaiy phase diagram. calculated; A Shih and Peretti[291; O 

Woolley and Smith [23] 
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SOME STUDIES OF DEFECTS IN CALCIUM 
OXIDE-I. IMPURITY EFFECTS 
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Pby.sics Departmenl, Keele University, Keele, Staffordshire, England 

{ Received 1 6 September 1 968; in revised form 1 6 December 1 968) 


Abstract- In some CaO crystals grown by the arc fusion technique, paramagnetic resonance lines due 
to impurity ions are considerably narrower than have usually been reported. Thus it has been possible 
to resolve the hyperfine structure from the nuclei ’”Gd and ’-^Gd associated with the Gd®^ electron 
spin resonance spectrum. An isotropic g-shift of order 0-00008 between the ^Hi and '‘®Ti hyperfine 
lines m a spectrum due to oclahedrally co-ordinated Ti^ ions is also apparent. In annealed and 
quenched crystals these iinewidths are noticeably increased as a result of the lattice disorder present 
after quenching. 

Pairs of sharp lines in the electron spin resonance spectrum of Mn 2 + are assigned to the double- 
quantum transitions between pairs of non-adjacenl levels. In the absence of strain, the levels involved 
are unequally spaced and double quantum transitions are not observed. A range of internal distortions 
in the crystals yields equality of spacing between the levels for some ions, so that AM, - 2 transitions 
may occur with simultaneous absorption of two microwave photons of identical frequency. 


I. fNTRODliCTlON 

Commercially available single crystals of 
calcium oxide contain significant concentra- 
tions of transition metal impurities substituted 
on cation sites. Electron spin resonance 
studies show that the symmetry around these 
ions is accurately cubic despite considerable 
dislocation structure consequent upon the 
growth process. The valencies of these ions 
may be varied by annealing the crystals in 
vacuum or in oxidising atmospheres. The ease 
with which the valency changes may be 
effected depends upon the degree of misfit 
between the impurity ion and the matrix, and 
upon the need to maintain electrostatic 
neutrality in the lattice through the incorpora- 
tion of charge compensating vacancies. 
Valency changes are also produced by 
ionising radiation, in which case charge 
compensation is achieved through electron 
or hole trapping elsewhere in the lattice. 

Since numerous impurity ions occur in the 
trivalent stale, cation vacancies are favoured. 
Holes formed during irradiation are trapped 
preferentially on the oxygen ions near these 
vacancies and may be observed by electron 


spin resonance. Trapped electron centres 
are less easily produced in calcium oxide 
since there are very few anion vacancies in 
thermodynamic equilibrium, and also because 
the binding energy of the divalent host lattice 
precludes the possibility of ionic displacement 
by ionizing radiation. Anion vacancies are, 
however, present in crystals which have been 
subjected to either heavy particle irradiation 
or to annealing treatment at high temperatures 
in several atmospheres of calcium vapour. The 
present crystals were selected from regions 
of the melt closest to the electrodes since 
they had been electrolytically coloured during 
the growth process. The crystals were 
coloured dark brown, suggesting the presence 
of colloidal metal particles in addition to the 
single anion vacancies. In Part I we discuss 
some interesting features of the impurity 
spectra of these electrolytically coloured 
samples. 

2. EXPERIMENTAL PROCEDURE 
The calcium oxide crystals were grown by 
Muscle Shoals Inc., Tuscumbia, Alabama, 
U.S.A. and had been accidentally electroly- 
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tically coloured during the growth process. TMe 1. ParmmignetH re sonant e linewtdths 
The crystals were not chemically analysed in calmm oxide single crystals. Derivative 
but concentrations of l()"-l()'“cm-_“ _ of peak-to-peak width in gauss 

paramugncik ions were defeefed. Most * ~ 

crystals were examined in the as-reee/ved As^mwn Anneii/edandqucnchoJ 


condition, hut a few were annealed In oxidising? 
atmospheres hy suspending them from 
platinum wires in air inside an electric furnace. 

Preliminary electron spin resonance 
nicasuremenis were made with a simple 
spectrometer which used a helix in place of 
the more familiar resonant cavity. For more 
quantitative measurements a Varian V4502 
superheterodyne spectrometer with facilities 
for 100 kHz and audio frequency field 
modulation was used. 1 he ma^^netic field 
was produced by a 9" maynet on a rotatable 
base and controlled with the Varian Fieldial 
device. The microwave frequency was 
measured with a Hewlett Packard !^24C 
frequency counter by zero beating against a 
54()B transfer oscillator, the field could 
then be accurately calibrated over a wide 
range, since the Hamiltonian parameters t)f 
such impurities as aie well established. 
Irradiation was accomplished with a high 
pressuie mercury lamp through precisely 
machined slots in the end wall of a rectangular 
Hoij cavity. I’aramagnclic resonance measure- 
ments were made at 290'\ 77'’ and 4‘’k, using 
cold linger dewais when required. At 4°K 
and using the lowest possible power on the 
superheterodyne spectrometer commensurate 
with good sensitivity, no transitions were 
observed, Presumably (his indicates (hat for 
all ions the relaxation times are very long; 
lapid cross-relaxation via other impurities 
seems to be unimportant compared with the 
same ions in MgO. 

3. RESULTS AND DISC USSION 
Although nominally ‘undoped', all crystals 
showx*d resonance absorption from CJd■''^ 
lVln“^ Fe‘^‘. the linev/idlhs (Table 

I) for these ions were much smaller than has 
previously been reported. This emphasises 
the accurate cubic symmetry around the 
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ions and the absence of line broadening by 
lattice defects or by magnetic hypertine inter- 
action with nuclei of the host lattice. The 
increased linewidths in quenched crystals 
arc a consequence of the increased disorder 
present in such crystals. Quenching tends to 
retain the high temperature concentration of 
vacancies and also produces significant plastic 
dcTormalion as a result of the thermal stresses: 
both these effects will broaden the lines 
inhomogeneously as a result of the distortions 
of the cubic crystal field [ I), 

3. 1 T he Gil hyperjinc s true lure 

Vhe tine structure spectrum of the 
ground state of Gd*^^ in calcium oxide has 
been reported previously both by Shuskus|2] 
and Low and Rubins [3 j. The fine structure 
parameters measured in the present experi- 
ments are in good agreement with those 
already reported. No evidence wa.s obtained 
for > I forbidden transitions of Gd^^, 
nor of axially symmetric spectra consequent 
upon the localization of a charge compensat- 
ing vacancy near the Gd-^^ ion. However, the 
electron spin resonance linewidths reported 
earlier are almost two orders of magnitude 
greater than those reported here. The lines 
in the previous work were probably inhomo- 
geneously broadened by interaction with 
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lattice defects, although we have noted that 
they are also quite sensitive to the microwave 
power level. Consequently Shuskus[2] and 
Low and Rubins [3] failed to detect the 
hyperfine structure of the ion in calcium 
oxide. Figure 1 shows the hyperfine structure 
associated with the AM.s = + i i transition 
at 77°K. The nuclei involved in this structure 
have nuclear spin 1 = i and are associated 



Fig. I. The '”Cjd and '”(id hyperfine siruciuic atlendant 
upon (be i - i iransilion for (-id“ ions at 77®K 


with ‘•’^^Gd and which have 15*64 

and 14 '68 per cent isotopic abundance 
respectively. Hyperfine structure parameters 
for these two nuclei in calcium oxide and some 
other solids are compared in Table 2. 

The classical contribution to magnetic 
hyperfine interaction arises from electronic 
orbital motion, electron spin magnetization 
outside the nucleus and spin magnetization 
at the nucleus. Relativistic effects may con- 
tribute to all three interactions but unlike 
core polarization do not contribute to a hyper- 
fine anomaly. This is because a hyperfine 
anomaly may arise from a non-uniform dis- 
tribution of unpaired electron spin density 
over the volume occupied by the nuclear 
magnetization. The hyperfine anomaly can 
then be determined from 



where the nuclear g-values and hyperfine 
constants are to be determined for Gd^'^ in 
the oxide. Usually, and for the systems noted 
in Table 2. this has not been the adopted 
procedure. In the absence of ENDOR meas- 
urements, the nuclear g-values used have been 
those determined optically for Gd^ atoms or 
from NMR measurements on GdN[5]. 
Using this method we determine A for Gd'*^ 
in CaO to be about 12 per cent, which is 
within the range of values reported for other 
solids. However, it is realised that this is 
not conclusive evidence for the presence of a 
hyperfine anomaly, since the nuclear g-values 
should be measured directly using ENDOR. 


Table 2. Hyperfine parameters in ^atiss for Gd*^ ^ and Gd 


( lystul 

nsA 


iv.A/i-A 

Reference 

Free Atom 



0-80 + 0-02 

[4] 

Bi,Mg,(N0;,),2-24H.,0 

40±0 3 

5-34 + 0-17 

0-75 + 0 07 

IM 

SrS 


54l±t)'05 

0-73 + 0-03 

[7] 

ThO, 

4'25±OI5 

5-73 + 0-12 

0-744 + 0-0007 

li<l 

CaWO, 

4-4.^ ±0 02 

5-84 + 0 02 

0-703 + 0-0000 


CaO 

3-97±0-l0 

5 19±0-10 

0 767 ±0-010 
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3.2 ’Spectrum 

Prolonged irradiation at 77°K of the 
electrolytically coloured crystals revealed a 
new spectrum, the central component of 
which is essentially isotropic, indicating that 
the defect responsible is present in sites of 
cubic symmetry. The spectrum was somewhat 
broadened at 30(rK. After production at 
77°K it decayed to half the intensity at room 
temperature in a few hours. Irradiation at 
room temperature produced the spectrum 
transiently; decay to undeiectably low 
intensities occurring within tens of seconds 
after the cessation of irradiation. Figure 2 
shows the isotropic hyperfine structure 
associated with this spectrum to consist of 
eight lines, the inner six of which almost 
overlap a second set of six lines. Consequently 
isotopes with nuclear spins 1 — ^ and 1-5 are 
involved, with the latter the less abundant. 
This indicates that the spectrum is due to 
titanium, for which the abundance of ■*Ti 
is 7*75 per cent and is 5'51 per cent. 
I'he spectrum is centred at g= 1*9866 
(±()-(H)5) and we observe = 10*8 

xIO -^cm *. A shift of i3()mCj is observed 
for the components relative to ‘‘Ti, 
corresponding to u difference in g-value of 
0-0(K)08 for these isotopes. No such isotopic 
g"shift has been previously reported, although 
an isotopic change in D- value of in 
axially symmetric sites in magnesium oxide 
was reported [10]. 

We assign this spectrum to Ti^ ions in 
substitutional cation sites. Wertz et al.[\\] 
have suggested that is stable in magnes- 
ium oxide and that Ti'^^ in axially symmetric 
sites may be delected after X-irradiation. The 
ionic radii of the various titanium ions are 
Ti'\ ()'68A: Ti”. 0 76 A; Ti”. 0-90 A and 
TT. ()-96 A while the radius f'orCa” is 0-99 A 
Ti*"^ and Ti'^^ are very small relative to 
and are unlikely candidates for a substitutional 
site in calcium oxide, The presence of F^- 
centres in the cryjvtals may bias them against 
the formation of such ions. Intuitively, there- 
fore, one expects Ti'^^ to exist in calcium 


oxide, since no charge compensation is 
required and little elastic distortion results 
from the small ionic size. Ti^"^ is a 3d- ion, 
and although other 3d^ ions exist in 
calciu m oxide they may have not been 
detected using electron spin resonance. There 
is not a priori reason why Ti^'^ should be 
detected. In addition electron spin resonance 
spectra from Ti^"^ (3d^) and Ti'^+(3d‘) in 
octahedral coordination are unlikely to have 
the properties reported for this spectrum [1 2], 
Ti^"^ has been observed substituting for 
in calcium fluoride [1 3], where the eightfold 
cubic coordination reverses the order of the 
levels relative to that of the octahedral co- 
ordination. The magnetic resonance spectrum 
is readily observable in that case. 

The Ti^ ion is isoelectronic with 
and Mn^^, which in octahedral crystal 
fields have the orbital singlet state '‘A^^ 
lowest. Thus in a magnetic field the transitions 
between the ±i and ±4 levels are isotropic 
and coincide precisely, The isotropic g-value 
of 1*9866 is consistent with this, and an 
appropriately simple spin Hamiltonian includ- 
ing only the effects of isotropic Zeeman and 
hyperfine interactions may be used to describe 
the present results. The g-value in the Zeeman 
term is given as: 

g = 2-0023 

where A.' is the spin-orbit coupling constant 
and A the splitting between the ground 
term and the excited state. Thus the 
isotropic g-shift is derived from the quotient 
A'/A. The two isotopes will have different 
vibrational frequencies associated with their 
different masses: this causes the admixture 
of other excited state wavefunctions into the 
level to differ for the two isotopes. Thus 
the orbital angular momentum generated in 
the ground state by mixing of the '‘A 2 ^, and 
Tgu levels due to the spin-orbit coupling 
operator AL.S will also differ for the two 
isotopes. The effect is usually negligibly 
smalb and in the present case Ag = 0*00008. 




1798 


A. C. TOMLINSON and B. HENDERSON 


The appearance of the Ti^ spectrum during 
irradiation is apparently due to electron 
trapping by ions. The stability of the 
spectrum evidently depends on the irradia- 
tion temperature, and this is most probably 
due to different defect centres acting as 
electron donors in the different temperature 
ranges. At room temperature the spectrum 
increases transiently with irradiation up to 
sevenfold, due to liberation of electrons from 
F-centrcs[l31. At 77°K this process is less 
efficient, but Fe'^^ and Cr*'^ ions are formed 
from the divalent ions, and their stability is 
similar to that of the Ti^ centre formed at this 
temperature. 

3 3 Double quanium transitions in the Mn**^^ 
spectrum 

In as-received crystals the spectrum from 
ions is always present. Transitions other 
than those corresponding to AM, — 


are considerably broadened especially after 
quenching, when a new twelve line spectrum 
is observed. This spectrum, which is enhanced 
following ultra violet irradiation at 77'’K, 
consists of 6 pairs of sharp lines each centred 
on one of the principal manganese 
= + J lines. 

The similarities of this spectrum with those 
reported earlier by Auzins and Wertz[14] 
for the double-quantum transitions of the 
Fe=‘^ and in magnesium oxide have 

prompted further comparison. The non- 
adjacent transitions and ►+! 

as well as and occur with 

simultaneous absorption of two quanta. 
Equality of spacing between the two sets of 
levels for each pair is produced by a small 
tetragonal distortion of the cubic symmetry, 
which introduces a D-term into the spin 
Hamiltonian. To first order in perturbation 
theory, the levels are shifted by 2D and 



I T Double quantum lra^s)^H>n^ in the e p r. spcelrum of Mn^* in CaO- ihe spectrum 
shown IS for the nii = ^ pentad with H alony the principal axis. 
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the ±§ levels by 6 D compared with the ±i 
levels. The value of D necessary in the case of 
in CaO is only ()-55 G. The resonance 
condition for double quantum transitions to be 
observed from suitably distorted Mn^'^ ions 
occurs when the separation between the 
and the lines is subdivided 

by 2D and 4D[14]. In the case of manganese 
the energy level scheme is complicated by a 
large hyperfine interaction, and the fine 
structure splittings consequently vary for each 
of the six hyperfine pentads. In Fig. 3 the 
double quantum transitions are shown for the 
m^ = 2 pentad along a principal axis, where 
the usual fine structure positions are reversed, 
i.e. in this case the ± 2 “^±i transitions lie 
outside the ± 5 -^±2 transitions. The 
measured line positions are within one gauss 
of the predicted positions for double quantum 
transitions, taking into account second-order 
effects from fine and hyperfine splittings. A 
further check was made by measuring the in- 
crease in line intensity as a function of the 
microwave magnetic field vector H, at the 
sample, keeping crystal bias current constant. 
At low power levels the twelve line spectrum 
increased more than linearly with Hi, 
consistent with double quantum transitions. 

The effect of quenching the crystals clearly 
introduces the distortions necessary for the 
resonance condition for double quantum 
transitions to be satisfied. The spectrum was 
considerably stronger at 77°K than at room 
temperature, in contrast to the case for Mn“^ 
in MgO, for which the intensity of the lines 


increased with increasing mi value[14). 
The mechanism coupling the intermediate 
states of the double quantum transitions is 
not understood. If the coupling between the 
states is phonon assisted, it is not surprising 
that the temperature dependence of the inten- 
sity of the double quantum lines for 
should be different in calcium oxide than in 
magnesium oxide. 
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Abstract-The optical absorption spectrum of electrolytically colouied calcium oxide shows the 
presence of both F''’' and F-centres Low temperature measurements of absorption and emission trom 
the F ^-centre suggest that the electron-phonon coupling at the defect is strong enough to suppress the 
zero-phonon transition probability to undetcclably small values. 

In electrolytically coloured crystals, although not in neutron irradiated crystals, the paramagnetic 
resonance linewidih of the F^-centre is < 15mG and the hyperfinc interaction from ^'‘Ca without 
isotopic enrichment has been identified for the first time. Analysis of this hyperfine structure proves the 
de Boer model of the F ^-centre in calcium oxide There are further hyperfine interactions of the F*- 
centre electron which have not been unambiguously identified. Flowever, a group of lines has been 
assigned (o an interaction with a nucleus having a spin / = 5/2: tentatively it is suggested that this 
associated with nuclides in the next-nearest-neighbour position. 

Surprisingly, V|-cenlres are observed in these crystals after heat treatment alone. Fnhancement of 
the V, -centre concentration by u v irradiation is more efficient than in the isoslructural magnesium 
oxide, Several spectra with identical symmetry but with different g-tensors from the Vi-centre are 
apparently associated with holes trapped at cation vacancies near other defects. The magnetic reson- 
ance spectrum of the anlimorph of the F-centre. corresponding to two trapped holes localised on 
opposite sides of the cation vacancy, has been identified 


I. INTRODUCTION 

In the alkaline earth oxides anion vacancies 
may trap one or two electrons to form F'- 
and F-centres*. The F'^-centre is paramagnetic 
and should show characteristic magnetic 
resonance absorption. Flowever, the only 
magnetic isotope of calcium is the 0-13 per 
cent abundant nucleus, which has nuclear 
spin l = h Consequently magnetic hyperfine 
interaction from this nucleus is expected to be 
exceedingly difficult to observe without iso- 
topic enrichment, a process precluded for 
single crystal growth of calcium oxide. Thus 
the F “^-centre has been characterised only by 
the g‘Value and its difference from the g-values 
of the other alkaline earth oxide. Such evi- 
dence does not conclusively demonstrate the 
anion vacancy (de Boer) model of the defect. 

*These definitions differ from those currently used in 
the literature’ they indicate the charge state of the defect, 
in addition to its anion vacancy nature, and emphasise the 
differences between the defects in oxides and the alkali 
halides. 


In a remarkable application of magnetic 
resonance techniques to powder samples. 
Tench and Nelson [1] showed that in powders 
enriched with 2 per cent hyperfine 
structure was associated with the narrow line 
at g = 2*0001 , originally identified as being due 
to the F'^-centres[2]. Even this is not con- 
clusive evidence, since the orientation depen- 
dence of the nuclear hyperfine structure is a 
necessary prerequisite to determining the 
symmetry of the defect. Such evidence, in- 
cluding possible interaction with next nearest 
neighbour ions, is presented in this paper. 
We discuss also some optical properties of 
intrinsic lattice defects in calcium oxide. 

In annealed crystals V, -centres i.e. holes 
trapped on oxygen ions adjacent to cation 
vacancies, are observed. Pairs of trapped 
holes, coupled by dipolar interaction, have 
been observed for the first time in calcium 
oxide, and the magnetic resonance spectrum 
of this defect is also discussed. 
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2. EXPERIMENTAL PROCEDURE 
The experimental procedures are largely 
those discussed in Part I. However some 
crystals were examined after fast neutron 
irradiation in the Harwell Pluto reactor to 
doses of l()’^-10’**nvt ai an ambient tempera- 
ture of 45T. For photo excitation in the 
resonance cavity of the magnetic resonance 
spectrometer, filtered u.v. light from a high 
pressure mercury lamp was used. Kodak- 
Wratlen filters were used to ensure that photo 
excitation occurred mainly in the ‘S— 
band of the F-centrc. Optical absorption 
spectra were made at 4''K, using a Cary 14 
spectrophotometer. Emission spectra mea- 
sured using a medium quart/, spectrograph, 
photographic recording and niicrodensilo- 
meter. 


3. RESULTS AND DISCUSSION 
3. 1 The ‘''Ca hyper fine .structure 
1 ortunately. in some crystals coloured by 
electrolytic processes during growth, the 
linewidth of the F ^-centre F.S.R. spectrum 
was extremely narrow, typically < 15m(j. 
I his IS one of the narrowest paramagnetic 
lesonance lines yet observed in solids. As a 
result of the small linewidth, sidebands are 
observed separated from the centre of the 
line by approximately ±36n mCj when using 
100 kHz detection (Fig. 1 ). The sidebands are 
a consequence of the frequency modulation 
of the magnetic held, and measurement of the 
number and position of the sidebands permits 
accurate calibration of the modulation ampli- 
tude. When the 100 kHz modulation amplitude 
is small compared with the linewidth, the 
maximum observed linewidth is not greater 
than that observed using 400 H/ detection, 
b'igure I shows the appearance of the sideband 
spectrum for various modulation amplitudes. 
In the neutron irradiated crystals the line- 
widths are larger and varied slightly according 
to neutron dose. 7'his increase is attributed to 
inhomogeneous strain broadening consequent 
upon the increased lattice disorder present 
after neutron irradiation. 


The exceptional narrowness of the lines in 
the eleclrolytically coloured samples also 
permitted measurement of the nuclear 
hyperfine structure without isotopic enrich- 
ment. This structure is shown in Fig. 2(a) as 
sixteen lines, eight of which are superposed 
doublets resulting from the simple orientation 
used. F^or this spectrum the static Zeeman 
field was directed along one of the cube axes. 
In a general orientation twenty four lines are 
observed, the line positions varying with 
magnetic field orientation according to: 

A//-= /W,Ks4-/^(3cos2(?-1)} 

where As and B are the isotropic and aniso- 
tropic components of the hyperfine tensor, 
rhe total intensity of the hyperfine lines 
relative to the central component is given by 
the probability of one of the six nearest 
neighbour cations being ‘Ta^^: this proba- 
bility is just 0*0013, and the intensity of each 
hyperfine line is thus only 0 00005 the intensity 
of the central component. Thus for a concen- 
tration of about 10*"' F '‘■-centres cm ^ we sec 
that with a 15m(j linewidth, the signal-to- 
noise ratio for the hyperfine lines is favour- 
able. The observed intensities arc substan- 
tially in agreement with these ideas. The 
measured hyperfine parameters are As~ 
-0*l7±0-r‘' and i? - -0‘97±0-l G, indi- 
cating the exceptional accuracy obtained in 
Tench and Nelson’s[ll powder studies. The 
hyperfine line positions are shifted relative to 
the line for which / = 0, giving different 
g-va!ues for the hyperfine spectrum and for 
the central component. For F-centres the 
correction to the hyperfine structure g-value 
has been calculated for interaction with a 
single nucleus by Holton and Blum[3], and 
is given by 








*The Sign ot/ts for both ‘Ta and ’’0 is determined by 
the known sign of the nuclear moment. 






The hypcrfinc structure associated \sith the F ‘-centre in CaO. (a) due to 013 percent abundant ^X"a-niiclci (b> due to 0-037 per cent 
abundant *'0-nuclei Both spectra are recorded w ith magnetic field along a cube axis 
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For ihe inner pair of hyperfine lines, 
neglecting the insignificant anisotropic 
component, a g-shifl of- 0*00015 ±0 00005 is 
found, in good agreement with the calculated 
value of- 0 00015. 

3 2 7 he hyperfine s(ruc fare 

Close examination of the region within the 
innermost pair of ‘-‘Ca hyperfine lines shows 
that there are further groups of lines. This 
part of the spectrum is expanded in Fig. 2(b) 
and reveals two groups of six lines. Other 
lines are also present, but these will not be 
discussed in this paper. The magnetic field 
IS again along a cube axis. The splittings arc 
about an order of magnitude smaller than the 
H'li hyperfine splittings; thus it seems prob- 
able that these lines may arise from inter- 
actions of the F ^-centre electron with 
nuclei which occur with a natural abundance 
of 0 037 per cent, in next-ncarest-neighbour 
positions. This nucleus has a spin / = t and 
thus one expects groups of six lines. Along the 
principal axis, the F^-centre has four equiva- 
lent n.n.n. sites perpendicular to the magnetic 
field and eight equivalent n.n.n. sites at 45"' to 
the field. Thus from the intensity of the two 
groups of six lines, the one with the larger 
splitting is apparently due to the ‘T) ions 
perpendicular to the magnetic field. This 
implies that A and B for this hyperfine 
interaction arc opposite in sign. The per- 
pendicular group should be about one half 
the intensity of the innermost pair of ‘Ta 
hyperfine lines, also shown on Fig. 2(b), as is 
observed. A full angular variation study was 
not of much assistance in this case, owing to 
the large number of inequivalent sites away 
from the axis, interlerence from other weak 
spectra, and magnetic field uncertainties. 
Although this sixfold splitting may arise from 
an interaction of the F±centre electron with a 
non-magnetic ion with spin I = h the intensity 
of the spectrum relative to the nearest neigh- 
bour spectrum is such as to give reason- 
able confidence in the assignment to the 


”0-nuclide, in which case the parameters are; 
As = - 0-87 ± 0* 1 and ^ - 4- 0*05 ± 0*02 G. 

The hyperfine interaction for both '‘Ta and 
•’0 may be written as the sum 

cos^0^- I). 

As is Fermi contact term, /I, ogives the strength 
of the dipolar interaction, and A,j and Aj^ 
represent the overlap of the F ^-centre electron 
onto the bonding and antibonding orbitals of 
the neighbouring ions. As expected, is the 
largest term for both ^K'aand Usually for 
F-centres the anisotropic component is 
dominated by the dipolar contribution Ad. 
This situation obtains for the *'^Ca anisotropic 
interaction since the measured value of B is 
— 0*97(j compared with the computed value 
-0*92 G. The ^^0 interaction is ap- 
parently somewhat different since the sign of 
both As and A^ should be the same, being 
determined only by the sign of the nuclear 
moment. The computed value of A^ for 
is — 0‘36G which is to be compared with 
f^-±0-05G. Since B == Ad + A,r+A^. then 
= -0*41 G. This is an unusual result 
for F-centres, since it implies that the contri- 
bution from the antibonding orbitals is 
relatively important. 

It is of some interest to compare the relative 
magnitudes of the isotropic hyperfine compon- 
ents for and ^T). T he procedure adopted 
assumes that the isotropic interaction with a 
nucleus a is related to the electron spin 
density (i/i ( /? , ) |- at the nucleus by: 

where fi. I and j3 have their usual significance, 
and G„ is an amplification factor which is 
proportional to at least in the alkali 
halides[2]. Thus we find that is 

0* 176 X 10’^^ cm"’’ and 0*054 x 10"* cm for 
‘*'*Ca and respectively. These quantities 
emphasize the extent to which the electronic 
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charge is localized within the vacancy in the 
alkaline earth oxides. 

3.3 Some optical studies 

Typical optical absorption spectra of addi- 
tively coloured and neutron irradiated single 
crystals of calcium oxide are shown in Fig. 3. 



^0 Zi 30 3S 

Photon anorgy, aV 


Fig ^ Opliciil absorption and emission spectra fiom 
addilively coloured and neutron irradiated calcium oxide. 

The former have a high background absorp- 
tion. on which is superimposed two broad 
bands at 3-6 and 3-1 eV due to F^- and F- 
centres respectively [4, 5]. The F'-band has 
a full width at half height of 0*25 eV: the 
F-band is a little broader. No F -centres are 
present in neutron irradiated samples although 
large numbers of F‘^-centrcs are delected. 
The zero phonon line at 3557 A has been the 
subject of several recent investigations; the 
defect species associated with its presence is 
still a matter of conjecture! 10], The fluores- 
cence spectrum in Fig. 3 was measured at 
7TK using light filtered to allow only F- 
and F^-band radiation. Strong emission is 
expected from both these centres since 
allowed electric dipole transitions are in- 
volved. Consequently we identify the two 
peaks at 3- 18 and 2-50 eV with the F^- and 
F-centres respectively. Independent excita- 
tion of the bands using monochromatic light 
in the F^-band or F-band incident upon the 
sample confirm this assignment. The emission 


bands appear to be slightly broader than the 
corresponding absorption bands, although 
it is possible that other underlying bands 
produce this effect. Due to non linearity in 
the response of photographic plates, the band 
peaks and widths are regarded as approximate. 
However, we note the energy or Stokes shift 
between the absorption and emission bands 
of the F ^-centre is about ()-4 e V. 

The breadth of the absorption and emission 
bands is a consequence of the electron- 
phonon coupling at the defect. The low 
temperature half width of the absorption 
band H(0), and the Stokes shift, A, arc re- 
lated to the frequency u of the dominant 
modes broadening the transition by, 

c = [ ti(0) 1, ^ ^ 
l_2-36hj.J 2hv 

S being the effective number -of phonons 
interacting with the defect states. Bessent's 
[61 unpublished results show that this mode 
has an energy of 21()cm“F giving S values 
between 8 and 16. A value of 260 cm * 
is obtained using the relationship IttpP = 10 , 
where ^ is the compressibility. The relation- 
ship works well for F-cenlres in the alkali 
halides [71 and in magnesium oxide[8). This 
frequency implies S -- 9 if used with the band- 
width. In practice since the zero phonon line 
probability relative to the whole band is e"^ 
the zero phonon line is only observed when 
S ^ 6. Thus the criterion for observing the 
zero phonon transition implies that the zero 
phonon line at 3557 A is unlikely to be 
associated with the F^-centre. However, 
underlying structure may appear to broaden 
the F^-band. Kemp ef^//.[91, argue from optical 
Faraday rotation measurements that this 
line is the F^-centre zero phonon line, a view 
apparently difficult to reconcile with the 
piezospectroscopic studies of Hughes and 
RuncimanflO], 

Further emission bands are observed below' 
2eV. and at least one of these has a long 
lifetime, as shown by the red glow of the 
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additively coloured crystals for many seconds 
following ultra irradiation, both at room 
temperature and ITK. Selective irradiation, 
using a monochromator indicated that this 
long lived fluorescence was excited by radia- 
tion in the 3*1 eV region of the spectrum. It 
is tempting therefore to associate it with the 
F-centre. Of the excited state levels of this 
defect the ‘^P lies lowest and it may be popul- 
ated by radiationless transitions. The optical 
transition to the ground state is spin forbidden, 
and hence this state would have a long life- 
lime. Unpublished calculations, by Bartram 
indicate that the F.S.R. of this state would 
not be readily observable owing to the Jahn~ 
feller eirecl(II|, Another possibility is that 
the fiuoicscence arises fiom the formation of 
other charge slates of impurity ions, of which 
we have already shown T i ^ to be an important 
ingredient (Part I }. 

3,4 Hole cetures 

Contrary to earlier experiences [12) we 
observed V, centres in calcium oxide after 
annealing at 1 MWC in oxidizing atmospheres, 
the highest concentration being present in 
crystals quenched from this temperature 
after annealing for 24 hr. Although none of 
the crystals shallcred during this process, 
consideiabie strain was introduced as was 
shown by considerable lincwidth increases 
in K.S.K. spectra. Thermally generated V, 
centres were stable at room temperature for 
periods up to two months. In addition to the 
simple V, centre, several centres are observed 
with identical symmetry properties, but 
diflering from the V, -centres only in the g- 
valites. Possible models for these defects 
would include the calcium oxide analogue of 
the Voircentres in magnesium oxide’’^ and Vj 
centres associated with diamagnetic charged 
defects such as substitutional AP^ ions. 

Larger numbers of centres are observed in 
quenched crystals after irradiation with u.v. 
light 77°K. However, a few hours at room 
temperature was sufficient to reduce this 
concentration to that originally present in 


the quenched crystal. After such irradiation, 
the calcium oxide analogue of the Va-centre 
produced in MgO by X-irradiation at 77°K 
was observed. The model for this defect 
consists of two holes trapped on diametrically 
opposite anions across the cation vacancy 
[141- The coupled state of the defect has 5 = I , 
and in axially distorted symmetry sites the 
Ms = 0, ± I levels are split in the absence of a 
magnetic field. Thus the spectrum consists 
of six lines corresponding to the two transi- 
tions of the defects for the three inequivalent 
I I00]-axes. The spin Hamiltonian appropriate 
to this defect is 

j3^’.g./7 + D{5/-45(54-l)} 

where 5-1, g = 2-0683, g- 2-0023 and 
D - \ \4 G. Wc note the measured ,;>-values 
are not different, from those relevant to the 
V|-ccnlrc. Small concentrations of these 
defects were present in some samples after 
quenching. It is of interest to note that if 
the coupling between the O" ions is assumed 
to be principally dipolar, the zero field 
splitting term D is related to the dipolar 
separation by /) = 1 1 1 g^/3V( lOr,). Thus one 
obtains a value of /• = 5*89 A for the separa- 
tion of the dipole pair, compared with 4-80 A 
for the normal lattice spacing. In magnesium 
oxide the value of r for the analogous defect 
is 5-0 and 4-20 A for the normal lattice spacing. 
In the present case, the increased deviation 
from a for calcium oxide possibly reflects an 
increased delocalization of the trapped holes 
compared with the analagous case in magnes- 
ium oxide. This difference is not surprising 
since the assumption of dipole-dipole 
coupling is an abvious over-simplification. 
A similar exaggeration in the apparent separa- 
tion of pairs of coupled F'^-centres in CaO was 
reported earlier [1 5]. 
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DOPING OF EPITAXIAL SILICON -BEHAVIOR OF 
SOLID SOLUTIONS* 
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Abstract -This paper presents a theoretical model for the behavior of solid solutions of group III 
and V impurities in silicon. The impurities are considered as weak electrolytes dissolved in an ionizing 
medium. The Fermi level, the activity coefficient and the dissociation equilibrium constants for the 
dopants are calculated, using Fermi-Dirac statistics, as functions of temperature and doping level. 
The solid solutions obey Henry’s law at very low concentrations and exhibit positive deviations as 
the concentration is increased. Ionization of impurities or dopants as a function of their concentrations 


are discussed. 


INTRODUCTION 

Semiconductor technology consists essen- 
tially in the preparation of solid solutions 
of impurities with controlled concentration. 
Preparation of these solid solutions by the 
epitaxial growth technique is extremely versa- 
tile in that any desired concentrations and 
gradients of impurities can be obtained. The 
process consists of injection of appropriate 
amounts of hydrides (or other suitable volatile 
compounds) of group 111 and V elements into 
a silicon tetrachloride-hydrogen gas stream 
from which epitaxial layers of silicon are 
grown. Silane is also used instead of silicon 
tetrachloride when low temperature growth 
is desired. Due to the complexity of the 
process most of the preparations of solid 
solutions are carried out on an empirical basis. 
Since the epitaxial process is being used 
successfully in a limited scale by the industry 
little effort has been spent in investigating 
the fundamentals of the process. It should be 
emphasized that the potential of the epitaxial 
growth technique is enormous and largely 
untapped from the point of view of the applica- 
tions to device fabrication. To mention a few 


* Extracted from research in partial fulfilment of Ph D. 
thesis, 

1 Present address: Westinghouse Research Labora- 
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of the potential applications, the technique 
can be used to produce devices that require 
localized control of properties such as life- 
time of carriers, high power rectifiers and 
thyristors, rectifying heterojunctions, etc. 

Wagner[l] has treated defects in solids as 
chemical reactants and provided a basis for 
viewing defect interactions in terms of the 
principles of mass action and thermodynamics. 
Reiss [2] used the concept of dilute electro- 
lytes such as aqueous solutions of acetic acid 
and developed a parallel argument for solid 
solutions of impurities in semiconductors. 
This analogy seems valid at very dilute 
solutions where complete ionization of im- 
purities or dopants prevails. However, at 
relatively high concentrations it may not be 
possible to draw such an analogy with 
aqueous solutions due to the presence, in the 
latter case, of incomplete ionization via 
clustering and hydrogen bonding. Concepts 
will be developed here which will show that 
the ionization of impurities is enhanced, 
rather than retarded, with increasing con- 
centration. although incomplete ionization of 
dopants is possible in Si through formation of 
impurity clusters. 

At the epitaxial growth temperatures ( 1 2(X)°- 
16(XfK) the dopant bearing compounds such 
as or are unstable and de- 

I 
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compose to the respective pure components, 
the form of which depends on the thermo- 
chemistry of the process and the mechanism 
involved. These dopants then enter the 
silicon lattice to form solid solutions. The 
conductivity of these doped epitaxial layers 
depend on the concentration, degree of ioniza- 
tion and association of the incorporated 
dopants. The purpose of this communication 
is to attempt to treat the process of doping 
and dissolution from essentially two points 
of view — band structure and thermodynamics. 
In what follows, some useful equations are 
derived to examine the type of solid solution. 
Ionization of the dopants in solid solution and 
the effect of increasing concentration are 
briefly treated. Due to the very nature of 
the epitaxial process compensation is essen- 
tially absent and thus avoiding the complex 
problem of treating donors and acceptors 
simultaneously. The equilibrium gas phase 
composition and the mechanisms of transfer 
from the gas (o the solid is the subject of the 
next paperof this series. 

SOLU) SOI.DTIONS 

Consider a dilute solid solution of donor in 
Si, such that e,. represents the energy of the 
highest stale of the valence band, e,. the energy 
of the lowest state in the conduction band, 
€/> the energy of the donor level, and fx the 
Fermi level. The middle of the forbidden 
energy gap is used as a zero, to which all the 
energetic quanuties are referred. 

The concentration of electrons in the 
donor level can be expressed, using Fermi- 
Dirac statistics, as 




N, 

1 ^lc\p\{€n-ii]lkT] 


(I) 


Pn “ KpHi) 




Nu 


Ll + iexp[(€,;-/Lt)MTlJ 


( 2 ) 


where K[) is a constant, dependent upon tem- 
perature. If is written as 




l+2exp(c/>/^7)J 


(3) 


where is another constant, then (2) 
becomes 


Pu 


where 


lT^exp(6/jM7) 


+ kxp [(€n-fi)lkT]\ 
= KijynNo 




Ji)^ 


Hj-exp(^7) 


I -biexpf(6/,-At)MTh 


(4) 


(5) 


is an activity coefficient which approaches 
unity at infinite dilution when fi goes to zero 
as the semiconductor becomes intrinsic. The 
above treatment is derived from the work of 
Reiss [11- Reiss has developed expressions to 
calculate fi using Boltzmann approximation 
and made sample calculations for donor 
impurities in Cie. In the present study fi is 
calculated for Si using only Fermi-Dirac 
statistics so that the calculations can be 
extended to degenerate materials. 

The total number of donors are given by 


(6) 


U/, is given by (1). A general expression for 
u,.. the elecln)n concentration in the conduc- 
tion band, is given by 


where is the total concentration of donor 
atoms (dissociated and undissociated), k is 
the Boltzmann constant and 7 is the absolute 
temperature. Application of Henry's law to 
the undissociated donor concentration ftp 
gives Ibr pp the donor pressure. 


n. 



(€ — 

I +exp[(€-/i)M71 


(7) 


where n/, is the effective mass of the electron. 
When (€*-jijL)/A7 > 1,( hen (7) reduced to 
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exph(c-/x)/iir]* 

= 2(^^) exp[-(e,-M)/*r]. (8) 

The use of (7) or (8) is governed by the doping 
level or the position of the Fermi level. Let 
us assume the solution to be dilute, i.e. the 
approximation leading to (8) is justified. Then 
substituting ( I ) and (8) in (6) we obtain 

+ ^ (9) 

1 +iexp[(e„-/i)/^T]' 

For a rigorous determination of ju as a func- 
tion of Ni,, (7) instead of (8) must be used 
giving the equation to be solved as 


phase, Z)k the undissociated donor in the solid 
phase, 0/ the ionized donor, and e~ the elec- 
trons in the solid. At the same time the 
electrons and holes of the semiconductor itself 
are continuously undergoing dissociation and 
association, corresponding to transitions from 
the valence to the conduction band and vice 
versa. This process also can be described as 
a chemical reaction: 

( 12 ) 

where the symbol represents a hole. Corre- 
sponding to the equilibrium process in (11) 
and ( 1 2), the following mass action expression 
can be written; 

P!>^K\AD,] (13) 


K,= le^][e-] (15) 


■x 



i€-€rr^d€ 

1 +exp[(€-/Lt)//:T] 


4-- 


Nn 


+ i exp[(c/;-iLt)MTr 


( 10 ) 


The above integral can be solved accurately 
with (he aid of a computer, and ( 1 0) may then 
be solved for /x as a function of temperature 
at different values of Nt,. Consequently, y/, 
can be calculated from (5). Since /x increases 
with increasing A//;, and therefore y/> increases, 
the solution should exhibit positive deviation 
from Henry’s law. 

The partial dissociation of the Ni, donors 
(into ions D/) and electrons (c ) within the 
semiconductor enables the dissolution process 
to be described by the following chemical 
equation: 

( 11 ) 


where the symbols in square brackets denote 
concentrations. The main reason for using 
concentrations rather than activities in the 
above expressions is that the resultant equa- 
tions cannot be solved because of the un- 
availability of the activity data of various 
species. Also, as will be seen later, the errors 
involved in such an approximation do not 
render the interpretation of the equilibrium 
constants meaningless. [DJ is given by the 
concentration of undissociated donors np. 
[D/l by {Ni,-ni,). by n, and kM by h,.. 
Therefore, (14) and ( 1 5) become 


( 16 ) 

K„ = h,.n,. (17) 

Nil can be eliminated I’mm (16) u>ing (1). 
which results in 


where D„ represents the donor in the gas 


/C, -le\p((e„-M)/^/'k- I 18 > 
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as before is obtained from (7) or (8), de- 
pending on the degree of dilution or the 
position of the Fermi level. If (S) is applicable , 
rhe/7/W reduces to 

K, = (2wmP(TF<Wl exp l(e„ - fMF}. (19) 


or the approximate form i$ 





Using a weak electrolyte analogy, i.e. the 

approximation c/j — €r> further simplifies fa, the width of the forbidden energy gap, is 
to by 


AV = {2'nm,kTy''-‘llf'. (20) 


As is seen, when the electrolyte or the dopant 
is present in very low concentrations and has 
a low ionization energy, K+ becomes inde- 
pendent of/x. 

in order to calculate /:(„ it is necessary to 
obtain an expression for h, in terms of known 
parameters. A general expression for the hole 
concentration in the valence band is given by 





(€.-€V'^d€ 

I -hexpKfx-eWT] 


( 21 ) 


where w,, is the effective mass of the hole. 
When {fi-e)lkT> 1, then (21) reduces to 


hp -- 47r 





exp[-(/x~6)M7'lde 

= 2(^^^^y''exp[-(^-e,)MT| (22) 


1 - 21 -2-79x10-^ r. (25) 

The above expression [3] is not accurate 
below 300°K. Thus for dilute solutions, 
is a function of temperature alone, provided 
the effective masses remain constant. How- 
ever, at increasing solute concentration when 
Boltzmann approximation fails, is a func- 
tion of temperature as well as the position of 
the Fermi level. 

Similar considerations may be applied to 
acceptors which dissociate to form negative 
ions and positive holes. The concentration 
of holes in the acceptor level can be ex- 
pressed as 


~ l+{exp[-if A-ii)lkT] 

where N,,\ is the total concentration of ac- 
ceptor atoms and €,i is the energy of the 
acceptor level. Equations analogous to (4) 
and (5) may now be readily derived for 
acceptors. These are: 


therefore, is given by the product of (7) 
and (21), or using Boltzmann approximation 
by the product of ( 8 ) and ( 22 ) as follows: 


K^)~ IhTT' 




X 

/■ 


(e- 6 ,)''^ de 
+ exp[(£-/ii)MTJ 


-f 


/■ 


— de 


+ exp[(/bt-e)/AT) 


= (27) 


where 




l-f jexp(-e4MT) 
I4-^exp[- (e, 4 -^)MT]_ 


(28) 


It is now necessary to calculate /x as a func- 
tion of and T, so that 7,4 can be calculated. 
The total number of acceptors are given by 


"X 


(23) 


Fa - Iia + h,.. 


(29) 
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Substituting for Ha and from (26) and (21) 
into (29), we obtain an expression which 
gives jit as a function of Na : 

A/ , (2m, 

\+H\p[-{€A~fi)lkTy^\h^) 


the degree of dilution. Using a weak electro- 
lyte analogy, i.e. approximation -er 
and very dilute solution, equation (34) 
simplifies to 

K. = {27rm,kTr^^lh\ (35) 



(€,-g)’^^d€ 

I +exp [(/a “ €)//:?'] 


(30) 


Using dilute solution approximation, (30) 
simplifies to 


^ . / 2TTkTmu 'y^‘'^ 

\^h^ph(€A-fi)lkTr^[ ) 


exp 


kT 




(31) 


Thus and differ from each other by 
the ratio and are functions of 

temperatures only. 

To summarize these, using the above treat- 
ment it is possible to calculate and as 
a function of N/, and N , respectively at our 
temperatures of interest. This will provide 
information regarding the extent of validity 
of the dilute solution approach. Also, variation 
of K+, K- and Kq with temperature yields free 
energies of these dissociation reactions. 


Since ^ becomes increasingly negative with 
increasing A/^. (28) predicts that should 
increase with increasing doping level. 

The dissociation of A,, acceptors into ions 
{As~) and holes (e^) within the semicon- 
ductor enables the dissolution process to be 
described by the following chemical equation: 

A,^A,^A--\-e^ (32) 

where Ay represents the acceptors in the gas 
phase, A, the undissociated acceptor in the 
solid phase and A~ the ionized acceptor in 
the solid. The equilibrium constant for the 
acceptor dissociation reaction can be written 
as: 

^ JAs~][e^] 

— (33) 

ki 

Na can be eliminated from (33) by substitu- 
tion of Ha from (26) which results in 

= iexp [-i€A ~^i)lkT]h, (34) 

A,, is obtained from (2 1 ) or (22), depending on 


IMPURITY IONIZATION AND CONDUCTION 
It is instructive to view the doping process 
as the gradual broadening of the impurity band 
with increasing dopant concentration. Let us 
examine the case of /i*type Si, although, 
p-type Si behaves in a similar manner. The 
lightly doped material is characterized by the 
absence of any intra-band conduction, i.e, 
conduction within the impurity band ob- 
servable at liquid He temperature. The donors 
have a well defined ionization energy, ed. 
As the donor concentration is increased the 
impurity band gradually broadens, and above 
a critical concentration, electrons begin to 
delocalize from the donor atoms and are able 
to move from one donor atom to another. 
Above a second critical concentration in 
heavily doped Si the Fermi level moves into 
the conduction band and the impurity band 
becomes sufficiently broad to enter the 
conduction band. These transitions have 
recently been observed by Alexander and 
Holcomb [4] in Si doped with P at liquid He 
temperatures. The delocalization of electrons 
are observed at a donor concentration of 
3x 10*^ alom/cm-^ and the movement of the 
Fermi level into the conduction band at a 
donor concentration of 2 x lO’^^atom/cm^ 
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In heavily doped material, i.e. when the 
Fermi level is in the conduction band and the 
impurity band overlaps the conduction band, 
Si should behave as a metal rather than a 
semiconductor. The activation energy for the 
ionization of donors is essentially zero. With 
the exception of those donors that are 
associated, each donor atom gives one 
electron into the conduction band and there- 
fore a linear increase in conductivity with 
increasing doping may be expected. However, 
with each electron an extra ionized donor atom 
is introduced which increases electron- 
impurity scattering, i.e. decreases conduc- 
tivity. The net effect is that the conductivity 
is independent of the doping level above the 
impurity concentration where the Fermi level 
enters conduction band. 

The foregoing discussion is valid as long as 
a stable solid solution is maintained without 
the formation of any precipitates, compounds 
or excessive lattice straining. Arsenic should 
conform well to the above treatment because 
of the small differences in atomic radii (0 01 A) 
and electronegativity (0*2) with Si. Experi- 
mental results in support of this model are 
already available in part and will be reported 
in a future communication. 

RESULTS 

Values of /ll for n-type Si are computed 
from (10) for different values of Np at different 
temperatures. The integral docs not have any 
closed form solution and consequently various 
approximations were made in the past such as 
those by McDougall and Stoner[5]. In the 
present study the integration is carried out 
using the Romberg integration procedure 
[6, 7 1 stored in the computer program library. 
Since the integral converges rapidly its value 
between the limits c,. and (e^T 1) eV at room 
temperature is many orders of magnitude 
greater than the value between the limits 1 
and €<. + 2. Hence the upper limit is conven- 
iently set al However, the error 

involved in setting this upper limit increases 
with temperature and is less than 0*2 per cent 


at the highest temperature used here, is 
then calculated from (5) using the values of 

at different doping levels. K+ is also ob- 
tained from ( 1 8). Similarly, values of /x, and 
K- for the p-type are obtained from (30), (28) 
and (34) respectively. 

For the above computations it is assumed 
that the effective masses of the holes and 
electrons are independent of temperature, 
having the following values: /np=l*08m, 
nth = 0*59 m. where m is the electron rest 
mass. Arsenic is used for the computations in 
/?-type Si with €n taken as (€^.-0*49) eV and 
boron is used for p-type Si with taken as 
(€^--- 0*045) eV. Ionization energies of these 
dopants are assumed to be independent of the 
doping level which is precise only at low 
doping levels. 

Values of Fermi level, activity coefficient 
and dissociation equilibrium constant as func- 
tions of doping level and temperature are 
presented in Tables 1 and 2. Fermi level 
enters the conduction band for n-type Si or 
the valence band for p-type Si at doping levels 
of 10^^- 10^' atom/cm-*. Activity coefficient 
data indicate that at room temperature very 
large positive deviations from ideality are 
observed and the values approach unity as 
^i) or approaches the intrinsic carrier 
concentration (1*45 x 10’® carriers/cm*'’). 
Some of the values of activity coefficients and 
dissociation equilibrium constants are plotted 
in Figs, 1-4. At low concentrations and high 
temperatures the behavior of the solid solution 
approaches ideality fairly well from the point 
of view of activity coefficients. The levelling 
off of activity coefficients al high doping den- 
sity is due to the fact that with increasing ^ the 
denominator of (5) or (28) approaches a 
constant value, the numerator being assumed 
constant. Plots of equilibrium constants vs. 
1/T indicate that in both Figs. 3 and 4 the 
upper curve represents an ideal solution at and 
above bOO^'K, whereas the lower curve 
represents a non-ideal behavior throughout. 
Several points of interest may be noted from 
these curves. The negative slope indicates that 
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Table 1 . Values of Fermi level (/*), donar activity coeffi- 
cient ( 7 ;>) and equilibrium constant {K+) at different 
doping level and temperature 


No 

M 

yi» 

K, 

T = 300°K 

lOOOx 10" 

7-376 X Ifl-* 

L732 X10' 

2-II2X 10'“ 

l-OOOx 10'* 

1-373 X 10-' 

2-021 X I(P 

2-J12X 10'“ 

LOOOX 10” 

2-010 X 10' 

2-372 X 103 

2-I12X 10'“ 

lOOOx 10" 

2-556 X 10"' 

1-957x10^ 

2-ll2>c 10'" 

LOOOx 10'* 

3-I20X 10-' 

1-736 X 105 

2-II2X 10'" 

LOOOx 10'" 

3-708 X 10 ' 

1-684 X 10" 

2-112X 10'“ 

lOOOx 10" 

4-311 X 10-' 

1-683 X 10’ 

2-llOx 10'* 

LOOOx m 

4-836 X 10 ' 

1-061 xlO« 

2-098x 10'“ 

lOOOx 10'* 

5-173 X 10-' 

2-545 X 10" 

2-063 X 10'" 

LOOOx |0*« 

5-553 X 10' 

4-258 X 10" 

1-921 xlO'« 

l-OOOx 10“ 

6 000 X 10 ' 

5110xlO« 

1-4I3X 10'“ 

LOOOX 10“ 

6-322 X 10-' 

5-263 X 10" 

9-045x10” 

r = 600°K 

LOOOX 10" 

0-000 X 10" 

LOOOX 10" 

1-545 X 10'" 

I -000x10'* 

0-000 X lO" 

LOOOX 10" 

L545 X IO'" 

I'OOOX 10'* 

0-000X10" 

LOOOX 10" 

L545X 10'" 

L(K)Ox 10'^ 

O-OOOx 10“ 

LOOOX 10" 

L545 X 10” 

lOOOx 10'* 

0-000 X 10" 

LOOOX 10" 

1-545 X 10" 

lOOOx 10"' 

L025X 10-' 

7-251X10" 

L545 X 10” 

LOOOx 10” 

2-I84X 10' 

6-776 X 10' 

L545 X 10” 

LOOOX 10'" 

3-358 X 10 ' 

6 236 X 10* 

I 539X |0'“ 

LOOOx 10"* 

4-3%XlO-' 

3-434X 10' 

L502X 10” 

LOOOx 10*" 

5 176X 10-' 

7-547 X 103 

1-374 X 10'“ 

LOOOx 10“ 

5-989 X 10 ‘ 

1 033 X 10< 

L020X 10'“ 

1 000 X 10“ 

0-695 X 10 ' 

1 1I3X 10^ 

6-032 X |0'“ 

r - WK 

LOOOX 10" 

O-OOOX 10" 

LOOOx 10" 

3-895 X 10"* 

JWM)x 10'* 

O-OOOX 10“ 

)-OOOx J 0 « 

3-895 X 10"* 

LOOOx 10” 

0 000X10“ 

1 (KK) X 10" 

3-895 X 10” 

LOOOx 10'^ 

0-0()0x 10" 

LOOOx 10" 

3-895 X 10"* 

LOOOX 10"^ 

O-OOOX 10" 

LOOOX 10" 

3 895 X 10"* 

LOOOX 10'" 

OOOOX 10" 

LOOOx 10" 

3-895 X 10"* 

l-OOOx 10” 

O-OtXlx 10“ 

LOOOx 10" 

3-895 x 10'“ 

I'OOOx 10'" 

1 595 X 10 ' 

7'653x 10" 

3-887 X 10" 

1 000 X 10” 

3 250X 10 ' 

5-477 X 10' 

3-822 X 10” 

1 000 X HP 

4-615 X 10-' 

L742 X 10* 

3-5I9X 10” 

l■000x 10*' 

5-764 X 10 ' 

2-682 X 10* 

2-753 X 10” 

LOOOx UP 

6-947 X 10 ‘ 

3 -062 X 10* 

1-586X 10'* 

r- I200''K 

llXKlx 10" 

OOOOx 10-' 

LOOOx 10" 

7-012 X 10'“ 

I'OOOX 10'* 

O-OOOX 10 ' 

l-OOOx 10" 

7 012 ^ 10"' 

LOOOx 10'* 

0-000 X 10-' 

LO(K)X 10" 

7oi:v io‘“ 

1 000 X 10” 

O-OOOx 10-' 

1 000 X 10" 

7-012 X l()'“ 

\m> 10” 

O-OOOx 10 ' 

LOOOx 10" 

7 012 > UP 

I-(KM)X 10'" 

O-OOOX 10-' 

LOOOx 10" 

7 0)2 10” 

1 (HM)V I()'7 

O-IKMIX 10 ' 

1 0(Klx 10" 

7-012^ U)'“ 

LOOOX 10'" 

O-OOOx 10 ' 

LWKlx 10" 

7-012 X 10'" 

L(K)Ox 10'“ 

L977 X 10 ' 

6-111 X 10" 

6-930 X 10''* 

LO(K)Y UP 

3-917 X 10-' 

: 452 ^ 10' 

6 461 10'“ 

I (K)OX 10*' 

5-52QX 10' ' 

4-3(Klx iO' 

5 144 ^ 10"* 

LOOOx 10“ 

7-055 X 10- 1 

5-102 X 10' 

3 108 >5 ID'S* 
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Table I (coni.) 


Na 


yA 

K 

T = J.WK 
lOOOx 10“ 

0-000 X 10° 

lOOOx 10“ 

1-073x 102" 

l OOOx I0'2 

0-000 X 10" 

1-OOOx 10" 

1-073 X 1020 

lOOOx 10'-' 

0 000 X 10" 

1-000 X 10" 

1-073 X 1020 

IOOOk 10’* 

0-000 X 10" 

1 -000x10" 

1-073x1020 

lOOOX 10'*' 

0-000 X J0« 

1-OOOx I0« 

) -073x1020 

lOOOX 10'« 

n-(X)Oxio« 

1-OOOx 10" 

1-073X 1020 

\-mx 10 “ 

0-000 X 10" 

1-OOOx 10" 

1-073 X 1020 

lOOOx 10'** 

0-000 X 10" 

1 -000X10" 

1-073x1020 

1-OOOx 10'" 

5-675 X |0'2 

l'507xl(]P 

I -069 X 10*0 

l -ixiox lO-!" 

3-103 X 10-' 

7-222 x 10" 

1'008X 1020 

llHHlx 102' 

5-158 X I0~' 

1-429X 10‘ 

8-223 X lO'o 

l-lHKlx 10” 

7-098 X 10-' 

1-775 X 10' 

5-120X lO'o 


Table 2. Values of Fermi level (/x), acceptor activity 
coefficient iy i) and eqaiiibriitm constant iK-) at different 
doping level and temperature 


M 


K 

r - 300° K 

l-OOOx 10“ 

-5 -443 X 10-2 

8-204 X 10" 

3-232 X 10'» 

1-OOOX 10'2 

-M04X 10-' 

7-I56X 10' 

3-232 X I0‘“ 

1 (XH)x lO'-' 

-1-689x10-' 

6-861 X 102 

3-232X 10'" 

1 000 X 10“ 

- 2-306 X 10-' 

7-468 X 10" 

3-232x 10'" 

l‘(X)OX 10'-' 

-2-966X 10' 

9-562 X 10' 

3-232 X 10'" 

l -OOOx I0‘" 

- 3-533 X 10-' 

8-564 X 10^’ 

3-231 X10'« 

l-OOOx 10'^ 

-4-088 X 10“ 

7-319 X 10" 

3-224 X 10'" 

I'OOOx K)‘" 

-4-665 X 10 ' 

6-693 X 10’ 

3-167 X lO'" 

1 1)00 X 10'" 

-5-254 X 10 ' 

5-534 X 10" 

2-729x 10'" 

1 000 X 10^" 

- 5-770 X 10 ' 

1-971 X 10" 

I -589 X 10'" 

1-000x10^' 

-6-223 x 10 ' 

2 953 X 10» 

6-452 X lO'" 

I-OOOX 10” 

-6-692 X 10-' 

3-236 X 10» 

1-923 X 10'*' 

r - 

1-noox 10“ 

0-000 X 10" 

1-OOOX 10" 

3 841 X10"* 

I'lRIOx I0'2 

0 0(K1 X 10" 

1 000 X 10" 

3-841 X 10"* 

1-OOOX 10'-' 

0-000 X 10" 

J-OOOX 10" 

3-841x10"* 

J-OOOX 10'^ 

0-000 X 10" 

1-OOOX 10" 

3-841 X 10"* 

1 OOOx 10'" 

0-000 X 10" 

1-OOOX 10" 

3-841 X lO'** 

1 000 X 10"' 

- 5-498 X 10-2 

2-890 X 10" 

3-840 X 10"* 

I-OOOX 10“ 

-I-7I8XI0-' 

2-763 X 10' 

3-837 X 10"* 

MKHIXIO'" 

-2-925x 10 ' 

2 788x102 

3 801 X 10"* 

1-OOOx 10"' 

-4-052 X 10 ' 

2-069 X 10-'' 

3-529 X 10'" 

I-OOOX 102" 

-5-038 X 10-' 

6-854 X lO-" 

2-556 X 10"* 

1-OOOX 102' 

' 5-909 X 10 ' 

1-021 X 10^ 

1-296X 10"* 

1-(X)0X 10” 

- 6-768 X 10-' 

1-123 X 10^ 

4-863 X 10'** 

r = WK 

l-lK)0x 10“ 

0-000 X 10" 

1-OOOx 10" 

5-274x10"* 

1-OOOx 10'2 

0-000 X 10" 

l-OOOx 10" 

5 274 X 10"» 

1 OOOX 10“ 

0-000 X 10" 

I-OOOX 10" 

5-274 X 10"* 

l-OOOx 10'^ 

0-000 X 10" 

l-(X)0x 10" 

5-274 X 10"* 

l-OOOx 10'-" 

0-000 X 10" 

1-OOOX 10" 

5-274x 10"* 
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Tahlelicont,) 


N, 

M 


K 

1-OOOx 10'« 

“ 9-054 X 10-2 

M72X 10“ 

5-253 X 10"* 

lOOOx 10'» 

0 000x10" 

LOOOX 10® 

5-274 X 10'® 

1-OOOx 10*’ 

0-000 X 10® 

LOOOx 10® 

5-274 X 10'® 

1-OOOx lO*" 

'-2-609X 10-' 

2-490 X 10' 

5-028 X 10'® 

LOOOXIO^''* 

-4-090x10 ' 

9-248 X 10' 

4-046 X 10*® 

lOOOx 10=** 

-5 381XI0-* 

1-498 X 10* 

2-361 X 10"* 

1-ooox m 

-6-658x 10-' 

1-697x102 

9-821 X 10'* 

T== noO^K 

1 -ooox 10'* 

0-000x10® 

1-000x10® 

6-951 X 10"* 

1 000x10*2 

0 000x10” 

lOOOx 10“ 

6-WI xlO'» 

1 000X10*3 

0-000 x 10" 

LOOOX 10® 

6-951 X 10"* 

1-ooox I0'‘ 

0-000 X 10® 

LOOOx 10® 

6-951 X 10"* 

LOOOx 10'^ 

OOOOx 10® 

I'OOOX 10" 

6-951 X 10"* 

l-OOOx 10*« 

0-000 X 10® 

LOOOX 10® 

6-951 X 10"* 

1-OOOx 10*’ 

0-000 X 10® 

LOOOx 10® 

6-951 X 10*** 

l-000xl0*« 

0-000 X 10® 

1-000x10" 

6-951 X 10"* 

LOOOX 10‘« 

-L054X 10-' 

2-569x10® 

6 803 X 10"* 

LOOOx lO’** 

- 3-062 X 10-' 

1-063 X 10' 

5-766 X 10‘“ 

lOOOx 10*' 

-4-763 X 10 3 

L848X 10' 

3-682 X 10"* 

I 000x102^ 

-6-463 X 10-' 

2-156 X 10' 

I-645X 10"* 

7- 1500'’K 

1-OOOX 10*' 

0-000 X 10® 

LOOOX 10® 

8-671x10"* 

1 000x10*2 

0-000x10® 

LOOOx 10® 

8-671 X 10’® 

LOOOX 10*3 

0-000x10® 

LOOOX 10® 

8-671 X 10"* 

LOOOx 10*' 

0 000x10® 

LOOOx JO® 

8-671 X10'» 

LOOOx 10*^ 

0-000x10® 

LOOOx 10® 

8-671 X I0*“ 

lOOOx 10'“ 

0-000 X 10® 

1 000 X 10“ 

8-671 X 10*® 

LOOOX 10*’ 

0-000 X 10® 

LOOOx 10® 

8-671 X 10*® 

1 OOOx 10'« 

0-000 X 10® 

LOOOx 10® 

8-671 x I0'« 

LOOOx 10“* 

O-OOOxlO® 

LOOOX 10® 

8-67! X 10"* 

LOOOx I02<* 

- 1-954 X 10-' 

3-027 x 10® 

7-704x10'** 

l-OOOx 102* 

-4-094 X 10-' 

5-650 X 10® 

5-208 X 10"* 

1-000x1022 

-6-169x10-' 

6-756 X 10® 

2-507 X 10’** 


the free energies of these dissociation reac- 
tions are negative = —RT In K) and 
becomes increasingly negative with increasing 
temperature. With decreasing temperature 
ionization becomes difficult and the free 
energy should become less negative or more 
positive. This point is well demonstrated in 
Fig. 4. The fact that complete ionization of 
dopants may be expected at room temperature 
is not due to a negative free energy but due to 
the availability of many empty states in the 
respective bands. In fact energetically no 
ionization should occur (i.e. having very low 
probability of ionization) at room temperature 
{kJ = 0-025 eV). The curves in Fig. 4 also 


indicate that near room temperature the slope 
or the free energy becomes more negative 
with increasing impurity concentration, i.e. 
ionization is enhanced. 

Some of the inferences of the above compu- 
lations are outlined here under the epitaxial 
growth conditions, namely at 1400°-1500°K, 
the solute obeys Henry's law up to a concen- 
tration of I X lO'^^atom/cm^ beyond which 
rapid deviations may be expected. At doping 
levels of 10^* atom/cm'* metallic be- 
havior may be expected and conductivity 
should increase linearly with doping level. 
However, this increase in conductivity may 
be completely masked by the scattering center 
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I Dependence cif y/, on Nn at different temperatures 
for arsenic in silicon. 



f iK ^ Variation of k, with temperature at different donor 
doping levels, 

(i.e. the donor or the acceptor ion) that results 
from each electron liberated in the conduction 
band. 



Fig. 2 Dependence of y ^ on at different temperatures 
for boron in silicon. 



Fig. 4. Variation of k~ with temperature at different 
acceptor doping levels. 

As another application of these computa- 
tions the mobility of the impurity atoms in the 
Si matrix can be calculated from diffusivily 
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data using Nernst-Einstein relation. From the 
computations for the w-type Si, we can safely 
say that at 1 200°C and = I x lO^^^atom/cm^ 
the activity coefficient yo has a value of unity. 
Further, the difference between the activity 
coefficients for P doping and As doping is 
small. We can therefore use the Nernst- 
Einstein equation and obtain a value of 
mobility, 5, for the dopant atom: 



Here D is the diffusivity of the dopant atom. 
Maekawa[8] has measured diffusivity of P 
in Si at different temperatures and surface 
concentrations. Using his data at 1200T a 
value of D equal to 1*5 x 10“^^cmVsec is 
obtained at a surface concentration of 2*2 x 
lO^'^atom/cm^ Thus, the mobility at 1200°C 
is calculated to be 1 *2 x 10"*’ cmVsec V using 
consistent units. This is a reasonable value of 
the atom mobility and may be compared with 
the corresponding mobility of vacancies from 
the self diffusivity in Si which is about 4 x 
IO''^cmVsec V[9]. Divacancies are thought 
to be responsible for the self-diffusion in Si 
and should therefore yield a mobility value 
considerably lower than that of a single 
vacancy. In view of the existing uncertainties 
in the detailed mechanism of diffusion the 
mobility of the P atom calculated here must 
await further confirmation. Since, at high 
doping levels the activity coefficient is greater 
than one and increases with concentration, the 
correction due to non-ideal solution f 1 0]. 
5 In yJdlwNf), is positive. Thus, we cannot 
only predict that the diffusivity increases with 
concentration, but can calculate diffusivities 
at high concentrations using the mobility and 
activity coefficient data. 


SUMMARY 

Solid solutions of group 111 and V impur- 
ities in Si are examined and their deviations 
from ideal behavior are determined by the 


activity coefficients. It is shown that under the 
epitaxial growth conditions Henry’s law can 
be applied to the system up to a carrier con- 
centration of about 1 X lO^^^atom/cm^ above 
which considerable deviations may be ex- 
pected. These activity data can be utilized to 
calculate atom mobility and the correction 
required in the Nemst-Einstein relation to 
calculate diffusivities at high concentralons. 
Dissociation equilibrium constants are 
evaluated and their dependence on the non- 
ideality of the solid solution is small. The 
slopes or the free energies of these dissocia- 
tion reactions become more positive with de- 
creasing temperature. In the case of B doping 
near room temperature it is clearly seen that 
the free energy becomes more negative with 
increasing impurity concentration, i.e. ioniza- 
tion is enhanced. Ionization of impurities as a 
function of their concentration is described 
with the ions acting as strong scattering 
centers when the impurity band penetrates 
the conduction band. 

Again, the two basic assumptions or limita- 
tions in these computations and (i) the effective 
masses are assumed to be constants, and (ii) 
ionization energies of the dopant are assumed 
to be independent of the doping level. 

Aikmwledfiefnent—Jhe author is indebted to Westing- 
hose Electric C'orporation for making this work possible 


REFERENCES 

L WAGNERC.Z p/ivi Chem.B2\,25 {\m) 

2. REISS H J.chcm.Phys 21, 1209(1953) 

3. McFARLANE G. G., McLEAN 7 P, QUAR- 
RINGTON J. F and ROBERTS V., Ph\.y. Rev. til. 
1245(1958). 

4. ALEXANDER M. N. and HOLCOMB D. P . Solid 
Stute Commun. 6, 355 ( ] 968), 

5 McDOUGAI I. J. and STONER E. C.. Phii Trans 
R.Soc. 337A.67II938) 

6 WIIT H S , In Adiumes in Sumerical Quadniiiire 
(Edited by A. Ralston and H S Wilf), Vol 2, ( hap 
6. Wiley. New York (1967). 

7 BAUER h.L.X'omm ACM 4.No 6(1961) 

8. MAEKAWAS..J phvs. So( Japan \7, 

9. CiHOSH I'ACiORE R N.. Phys. Rev. Left 16. 890 
(1966) 

10. BARDEEN J. and HERRING C., In Atom Move- 
mem. p. 87 ASM. Cleveland (1951 ). 




J.Phys.Chem. Solids Pergamon Press 1969. Vol. 30,pp. I823-I82.V Printed in Great Britain, 


PREPARATION AND PROPERTIES OF 
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Abstract -Cerium orlhoferrile (CeFeO^) was prepared by the reaction ^CeOj-l- Fe 203 + Fe 
3CeFeOr). CeFeO;, forms with an orthorhombic unit cell where a = 5-541 A, h = 5-577 A. and r = 
7-809 A. Magnetic measurements and Mossbauer spectra both show that the cation valencies in 
C eFeO;, are and Fe'^L CeFeO , undergoes spin reorientation at 230“K and has a Curie temperature 
of7I9“K. 


INTRODUCTION 

The crystallographic and magnetic 
properties of most of the rare earth ortho- 
ferrites (ReFeOi) have been very extensively 
studied. Of these, only cerium orthoferrile 
(CeFeO.^) which has been reported[l] to be an 
orthorhombic orthoferrite has not been 
studied magnetically or by Mossbauer effect. 
In this paper we report the preparation and 
magnetic properties of single phase poly- 
crystalline CeFeO^. Also investigated was the 
question of valence slates of the Ce and Fe 
ions, in order to distinguish between the two 
possible valence distributions, (Ce^^, Fe-"^) or 
(Ce’^^, Fe'’^). The magnetic properties and the 
valence distribution were both determined 
from magnetic and Mossbauer measurements. 

EXPERIMENTAL 

CeFeOa was prepared by the reaction 
3 Cc 02-F Fe,Oy+ Fe ^ 3CeFeO,. This 


reaction was carried out by firing pressed 
pellets of the appropriate mixture in a sealed 
evacuated quartz tube at 800®-850T for 48 hr. 
The resulting material was single phase within 
the limitations of X-ray diffraction. Unit cell 
parameters (using CrKa radiation) and unit 
cell volume are shown in Table I along with 
those which have been reported for LaFeOa 
and PrFeO;,[2]. The a- and ^-unit cell para- 
meters are consistent with the trends which 
were observed for the other rare earth ortho- 
ferrites [2]. The c-parameter was found to be 
only slightly smaller in CeFeO;, than in 
PrFeO;,. The unit cell volume falls between 
that of LaFeO;j and PrFeO;, (as shown in 
Table I), and is in better agreement with 
cell volume systematics than that of [1], 

MAGNETIC MEASUREMENTS 
Magnetic measurements as a function of 
temperature (using applied fields of 15-3. 9-9 


Table 1. Crystallographic properties q/’CeFeO, 


Unit cell parameters (A) Umt cell 
a h c volume (A)’ 


LaFeO,[21 

5-556 

5-565 

7-862 

243-1 

CeFeO, 

5-541 

5-577 

7-809 

241-3 

CeFeO, [1] 

5-519 

5-536 

7 819 

238 9 

PrFeO,,|21 

5-495 

5-578 

7 810 

239-4 
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and 4-9 kOe) in the I-5''-300®K region are 
shown in Fig. I. CeFeO) exhibits, at room 
temperature, a small magnetic moment similar 
to that observed in the other orthoferrites [3], 
which is due to the occurrence of canted anti- 
ferromagnetism. As shown in Fig. 1 there is a 



l->g I Magneti/tUjon vs, icmperuUirc between 15“ and 
^()()“K 

broad maximum in the magnetic moment at 
230°K followed by an increase in moment al 

6(fK. This magnetic behavior is very 
similar to that of TmFeO.,[41, in which a 
maximum in the magnetic moment occurs at 
SHf K. rhis maximum was shown to be due to a 
change in the easy direction of magnetisation, 
which results in a temporary lowering of the 
anisotropy. I'hus, 23(fK appears to be the 
spin reorientation temperature of Cel eOj. 
I'he Mdssbauer measurements discussed 
below support this contention. The low 
temperature (60‘^K) increa.se in moment is 
undoubtedly caused by the presence of a 
paramagnetic rare earth ion. I'his indicates 
that the valence state of the cerium ion is 
ro'\ since is a nonmagnetic ion. I he 
presence of trivalent cerium means that Ihe 
iron must also he trivalent. 

Magnetic measurements as a function of 
temperature in Ihe region 3()(T-120(TK yield 
an efieclive paramagnetic moment, obtained 
from the high temperature susceptibility data 
of 5-20/1/,. The Curie tcmperuiure was 


measured by differential thermal analysis 
techniques and found to be 719°K. 

MdSSBAUER STUDY 

The “^^Fe Mossbauer effect absorption 
spectrum* of CeFeO,, shows only trivalent 
iron, Fig. 2. The trivalent nature of the iron 
in CeFeO;j is established by the isomer shift 
and hfs effective field which are very similar 
to those of FCiG.^ and the other orthoferrites 
[5] (see Table 2). 

The Mossbauer effect quadrupolar line 
shift shows clearly that there is a spin re- 
orientation near 230°K. For small quadrupolar 
admixture the magnetic hfs lines are shifted 
by an amount e'^qQie cos-^-D/H provided 
the electric field gradient, EFG, tensor has 



big. 2 . Mossbauer spectra at 77 


Table 2. Mossbauer spectra of CeFeO.., 


I'cmpcralure 

r'K) 

1-S," 

(cm/ sec) 


(kOe) 

77'4 

0047 

CeFcO;i 

561 •() 

190 

0042 


547-7 

225 

0041 


538-6 

260 

0038 


528 3 

29S 

0036 


516-9 

R.T, 

00362 


515-7 



LaVe()» 


RT 



521t 

85 



562t 


* Isomer shift relative to metallic iron 
tbrom |5]. 


•"A conventional constanl-accclcration Doppler 
sped fo me ter using a ”Co in PtI source was employed 
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axial asymmetry, and 0 is the angle between 
the symmetry axis of the EFG tensor and 
spin direction. Even though this case is not 
strictly applicable in the orthoferrites the 
data, Fig. 3, show a change in the sign of 
the line shift at 230°K. This is interpreted as 



T(*K) 


Fig. 3. Temperature dependence of the quadrupolar line 
shift. 

an indication that the spin direction which is 
approximately perpendicular to the c-axis 
above 230°K becomes parallel below that 
temperature. In the same region of tempera- 
ture the hfs effective magnetic field and isomer 
shift are continuous and show no discon- 
tinuity in slope indicating that there is no 
phase transition. The hyperfine effective field 
as a function of temperature for CeFeO^t falls 
between those of LaPeO.i and NdFeO:d51 as 
shown in Fig. 4. 

OLSCTiSSION AND CONCLUSIONS 
The measured paramagnetic effective 
moment (5.20 /x/,) is in agreement with values 
(5'20-600/x/,} which have been previously 
obtained for Fe'^[6). The spin reorientation 
temperature of 230°K, for CeFeO.< is the 
second highest of the rare earth orthoferrites, 
SmFeO;{ having the highest reorientation 
temperature (483°K)17]. The Curie tempera- 
ture (O of CeFeOs (719'^K) falls midway 



Fig. 4. Hyperfine effective field vs. temperature for 
CeFcO, l-aFeO^and N<iFeOjI41. 


between those of LaFeO;, and PrFeO;i[5>8]. 
All of the properties of CeFeO:j which have 
been determined are in agreement with the 
systematics of the rare earth orthoferrites. 

Acknowltdi^enients-'^c are indebted lo M. R. Monfone 
for the determination of the Curie Point by differential 
thermal analysis. 
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LOW TEMPERATURE ELECTRICAL RESISTIVITIES 
OF SOME DILUTE Pd Fe ALLOYS* 
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Abstract -The electrical resistivity of several dilute Pd Fe alloys has been measured in the tempera- 
ture range 0 5'*-77®K Immediately below the Curie temperature tlr) n linear decrease of the incre- 
mental resistivity (A/>) with temperature is observed, while at lower temperatures (T Tr), Ap is 
proportional to The experimental results are compared with the theoretical predictions of a 
model based on .v eleclron-magnon scattering. Estimates of the effective exchange integral J are made. 


INTRODUCTION 

Palladium and its alloys, especially with the 
trio Fe, Co and Ni, has attracted much experi- 
mental and theoretical interest. Paramagnetic 
susceptibility and ferromagnetic saturation 
magnetisation measurements[l,2] on dilute 
Pd Fe and Pd Co indicate giant magnetic 
moments associated with the impurity atoms, 
while the fact that as little as 0-1 per cent of 
Fe (or Co) in Pd leads to ferromagnetism in- 
dicates a long range ferromagnetic spin coup- 
ling associated with a long range spin polariza- 
tion in the host metal. 

Recent investigations, both experimental 
and theoretical [3], into the low temperature 
electrical resistivities of Pd and several 
dilute Pd Ni alloys have indicated the impor- 
tance of .^-electron scattering from spin 
density fluctuations (paramagnons) in the 
nearly-ferromagnetic itinerant d band. 
Similar considerations should also be impor- 
tant in dilute Pd Fe (or Co), however, in the 
ferromagnetic state ^-electron scattering from 
real spin waves in the coupled impurity 
moment — d band system should dominate the 
low temperature electrical resistivity, indeed, 
a recent theoretical paper [4] directed along 

■‘This work has been sponsored in part by the Air 
Force Materials Laboratory (AFSC) through the Euro- 
pean Office of Aerospace Research (OAR), United States 
Air Force, under Contract F61052-b8-C-001 1. 


these lines has prompted the measurement of 
the low temperature resistivity of a series 
of dilute Pd Fe alloys. 

METHODS AND MATERIALS 

The phase constitution of binary (Pd-Fe) 
alloys is well established [5]. At high tempera- 
tures they form a complete range of solid 
solutions with a f.c.c. structure. In alloys con- 
taining less than 60 At.% Fe, quenching from 
high temperatures suppresses super-lattice 
formation (these are centred about the com- 
positions Pd Fe and Pd^Fe) and produces a 
disordered f.c.c. solid solution. 

The alloys were prepared by melting 5/V 
pure Pd with 5N pure Fe (both provided in 
sponge form by Johnson Matthey and Co.) in 
a water cooled ‘Cu boat induction furnace’ 
[6], surrounded by an argon atmosphere. In- 
itially a ‘master alloy’ of approximate com- 
position Pd “5 At.% Fe (Pd —4-6 At.% Fe 
as estimated from the initial weights of each 
material) was prepared by melting together the 
appropriate proportions of the two elements: 
this alloy was inverted and remelted five limes 
to ensure that it was homogeneous. This 
‘master alloy’ was etched in a solution of 
nitric acid and hydrogen peroxide, cold- 
rolled to a thickness of about O-OI in., an- 
nealed in vacuo for 24 hr at 1 150°C and finally 


quenched. 
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Alloys containing roughly 0 2, 0-3, 0-5, 0-7 
and ) 0 At.% Fe were prepared by diluting the 
'master alloy' with the appropriate amounts 
of Pd (obtained by melting the 5N pure Pd 
sponge); each alloy was subjected to the 
homogenising treatment described above. 
They were then etched, cold-rolled to 
thicknesses varying from 0*003 in. (0*2 At.% 
Fe) to 0*008 in. (1 Al.% Fe), cut into strips 
8 cm long and 0-2-0-3 cm wide. The samples 
were etched after cutting and then subjected 
to the same annealing treatment as the 
'masteralloy'. 

The specimen resistances were measured in 
a conventional He‘ cryostat operating in the 
temperature range 0'5°-300°K, using a normal 


four-probe d.c, potentiometric circuit, incor- 
porating a Tinsley Disselhorst potentiometer 
and galvanometer amplifier capable of repro- 
ducible measurements to 2 x 10'"” V. A sample 
holder accommodating six specimens (one 
'pure' metal and five alloys) was employed, 
and a sample current of 30 mA was used. 
Temperatures below 4*2°K were stabilised 
and measured to within ± I mdeg, and above 
4*2°K to better than ± I per cent. 


RESULTS AND DISC USSION 
Figures 1(a) and 1(b) reproduce some of the 
experimental data in the form ^p{px]]^,yiT) - 
PvdiT)) vs T\ the fact that the Pd and the 



Fig 1(a) Experimental data on Pd'016 At-% Fe and Pd*0-23 \\. 7 ( Fe. 
Vertical bars correspond to a voltage uncertainty of±2 . 10^“ V. 
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Fig. Kb). Ap (T) (in /xH cm) vs. r (in ®K) for all five 
alloys examined Note the changes of zero for the 
incremental resistivities 


Pd Fe alloys were subjected to the same heat 
treatment means that in examining the differ- 
ence Ap(r), the temperature independent 
contribution to the resistivity arising from 
scattering due to lattice imperfections should 
be eliminated. The temperature dependence of 
the Pd resistivity is in very good agreement 
with the data of Rice and Schindler[3], while 
the general features of the (Ap {T)~T) plots 
for the alloys seem to agree with previous 
measurements on the Pd Fe system [7] al- 
though a detailed comparison with the pub- 
lished data is difficult. Careful examination 
of the present results enable the following 
comments to be made about the overall char- 


acter of the incremental resistivity Ap(7) of 
the alloys. 

(i) Above the Curie temperature, 7^, 
this quantity is not independent of 
temperature. Apart from the ‘usual’ 
deviations from Matlhiessen's Rule, 
this result could originate from 5 - 
electron scattering from enhanced spin 
density fluctuations in this paramag- 
netic region. 

(ii) In the temperature region immediately 

below 7r, the experimental data in- 
dicates that Ap(7) decreased linearly 
with 7 (as predicted in [4]). The 
‘coefficient’ of this linear decrease is 
approximately cm/°K in all 

the alloys examined. 

(iii) At lower temperatures deviations from 
the linear behaviour discussed in (ii) 
are observed. 

According to the theoretical approach con- 
tained in reference 4, the form of the incre- 
mental resistivity, Ap(7) =p(7) -ppd(7). 
in dilute systems at temperatures 7 7^ 

(the Curie temperature) is: 


^p{T) ^ Ac + -^,XT^- (II 

A and B are constants and c is the concentra- 
tion. The first term on the right hand side of 
equation (I) comes from elastic (potential) 
scattering: there are, however, three con- 
tributions to the second term. 5-eleciron spin 
flip scattering from the coupled impurity 
moment-J band system results in the creation 
of a spin deviation in this system, which propa- 
gates as a spin wave, rhe coupled system does 
not possess translational symmetry, conse- 
quently such processes do not result in the 
limiting 7- form of the low temperature 
resistivity from clectron-magnon scattering, 
familiar in ‘pure' ferromagnels. hut gives rise 
to the 7*'*^* limiting relationship. The second 
contribution comes from the non spin-flip 
(elastic) part of the exchange scattering[8]: 
it is proportional to (Af"), the mean of the 
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squared magnetization (consequently in- 
creases with decreasing temperature). The 
third contribution comes from ‘interference* 
effects between the potential scattering and 
the non spin-flip part of the exchange scatter- 
ing[8]; such effects, in the limit of strong 
potential scattering, contribute a term to the 
incremental resistivity Ap(T) which de- 
creases as {MYK the mean magnetisation, 
squared. For the case of a ferromagnetic 
system, in the low temperature limit, {M'^) 
and (MY^ have the same dependence on 
temperature, which leads in the present case 
to both terms being proportional to 

Figure 2 reproduces some of the experimen- 
tal data in the form ^p(T) vs. It is clear 
from this figure that for T < 7 ^., the differ- 
ence Ap (T) follows the predicted power 
law for all five alloys examined. From this 
limiting behaviour Ap(7 = 0) can be es- 
timated; this quantity is plotted against the 
(analysed) concentration in Fig. 3(a). Again, 
as predicted, Ap(0) ^Ac where experimen- 
tally - 1 -9/110 cm/Al.% he. Figure 3(b) 
indicates the concentration dependence of the 
coefficient of the term; it shows that this 
is not proportional to as suggested in 
[4], but is best represented by Bc~\ with B 
estimated at - \‘0^x fiil cm <it.%F cl 
This disagreement is not really 
surprising since the theoretical model employs 
a molecular field approach in which the tZ-band 
splitting (and hence 7V) depends linearly on 
the impurity concentration, whereas previous 
measurements [71 and the present results 
(Table 1) show that 7V varies in a more com- 
plicated manner with concentration. Thus 
although the general predictions of the theor- 
etical model of 14] are expected (and indeed 
have been shown) to be correct the more 
subtle concentration dependent effects can 
hardly be expected to agree. 

Aside from the considerations already dis- 
cussed, one of the more interesting results of 
the present investigation concerns the change 
in resistivity (Apmax ) between ()°K and the 
Curie temperature 7\> (Apn,ax. ^ “ 



Hig. 2 . Ap 17 ) (in pfi cm) vs. 7'*'^. Note the changes of 
zero for the incremental resistivities. 


Ap(0)). This difference has a complicated 
dependence on impurity concentration, as 
an examination of Fig. 3(c) reveals. The 
theories of Yosida[8] and Kasuyat9] however, 
predict that Apmax. should be proportional to 
i\ but the present system is undoubtedly more 
complicated than that discussed by these 
authors, owing to the presence of ‘persistent 
fluctuations’ in the itinerant ^/-band, and their 
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Analysed concentration^ of % 

Fig. 3. (a) ^fi (0) (in cm) vs. analysed conceniralion 
(in ill. %), (b) Coefficient of (in /xO cm/(“K)^'-) vs 
(analysed concentration [in at.%]) “'. (c) Ap (7,) - Ap 
(())(in/iiicm) vs. analysed concentration (in at %). 

attendant effect on the resistivity. Never- 
theless their expressions can be used to es- 
timate the magnitude of an ‘effective’ ex- 
change integral J from the present results. 
For a system ordering ferromagnetically one 
obtains (from [8]) in the limit of strong 
potential scattering: 

Ap"„„, = 5 ( 1 + 45 ) /ifl cm/at.% 

( 2 ) 


where S is the impurity spin, and £/ the 
Fermi energy (having made use of the effec- 
tive mass of .v-electrons in Pd reported by 
Vuillemin[10, 1 1]). while in the same limit: 

Ap(0) = ^P)Lin cm/at.%. 0) 

(V representing the deviation of the spin- 
independent potential from perfect periodicity 
owing to the presence of the impurity). Figure 
3(a) indicates that Ap(0) ~ l-9pL(l cm/ 
at.% Fe, which using equation (3), gives 
V 0-57 eV. However, as Fig. 3(b) indicates, 
^Pmax. varies from OI6/i(l cm/at.%Fe 
(in the Pd - 0- 16 at.% Fe alloy) to 0-32 pO cm/ 
at.% Fe (in the Pd ~0-78at% Fe alloy), 
from which the magnitude of7 varies (Table 1 , 
using 1'5 eV* and S = h from 0-051 eV 
in the most dilute, to 0 073 eV in the most 
concentrated alloy examined. These values 
for V and J conclusively demonstrate that the 
limit taken in equation (2) and (3) is the 
correct one. 

It is apparent from Fig. Kb) that Ap(7') is 
not independent of temperature above the 
Curie temperature, T,. The form of its temp- 
erature dependence strongly suggests that it 
has the same origin as similar effects observed 
in dilute non-magnetic alloys. In the latter 
case this is the result of the breakdown of 
Matthiessen s Rule, which is to be expected 
whenever several comparable scattering 
mechanisms with different A deoendences 
are present [12], Thus, making direct use of 
the measured values of Ipnr^x. in estimating 
the magnitude of J means that these deviations 
from Matthiessen’s Rule {ahove T,.) have been 
completely ignored. In the present context 
this would be a legitimate procedure only if 
these deviations originated entirely from 
enhanced paramagnon scattering above I\. 
(this is the approach used in estimating the 
magnitudes of J quoted in Table 1). The altcr- 

*This h approximately tbe value of Ef obtained u-Ninp 
an effective mass approach with = 2 2. and with 

0'3h s-electrons per atom, as quoted in ( 101 and [1 1] 
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Table 1 



Estimated from 
initial weights 

Analysed* 

L 

CK) 

Ap(0) 
(in^O cm) 

Coeff of 1 
(fiil cm/°K^'‘) 

^Pmax' 

1/42 cm) 

Coeff. of 
linear 
decrease 
below Tf, 

J 

(eV) 

Pd 

15 ppm Fe 

0 

0* 

0 

0 1 

O/xH cms/*K 

iancm/°K-''« 

Pd-(M8al'^Fe 

OI6at.%Fe 

2-8 

0-2919 

6-62(5) X IO-= 

0-0256 

0-0113 

0051 

Pd-0-27 

0-23 

5-4 

0-4275 

4-86 

0-0480 

0-0098 

0-059 

Pd-0-45 

0-41 

13-0 

0-7985 

2-.56 

0-0914 

0-0084 

0-060 

Pd-0-60 

()-54 

20- 1 

1-0449 

1-97 

01420 

0-0095 

0-065 

Pd-t)*90 

0-78 

32*fi 

1-4603 

1-36 

0-2528 

00112 

0-073 


* An^llysi^ earned out by Daniel (iriffiths &. Co., London. 

t Quenching from 1 lOOT results in a high dislocation density and consequently a low resistance ratio. A subse- 
quent strain relieving from SOC'C' produced a resistance ralK)/?3(X)//i4-2 - 1200. 


nalive extreme is to regard the deviations as 
due entirely to the cause first listed, in which 
case, in estimating the magnitude of 7, the 
measured value must be corrected 

for the deviation. 

An examination of Fig. 1(b) suggests that 
these deviations begin to manifest themselves 
(within the present expenmenlal error) around 
l(f K; the same figure, when examined in the 
3S°-5()°K temperature interval, also suggests 
that these deviations scale approximately 
linearly with concentration (see Table 2). 
(\)nsequently, since there appears to be 
virlually no such deviation at the Curie 
lemperalure in either the Pd or 0*23 


at.% Fe alloy, the deviation at F,. in any 
other alloy can be estimated by observing the 
deviation at the appropriate temperature in the 
most dilute alloy, and scaling for the concen- 
tration. Table 2 summarises data obtained in 
this manner, and, for example indicates that 
the estimated value of Ap^ax is reduced by 
this correction from the measured value 
of 0*32 to 0*25pncm/al% Fe in the most 
concentrated alloy examined, with an associ- 
ated reduction in the estimated magnitude of7 
from 0-073 to ()'064eV. 

The present investigation is being extended 
to examine the low lemperalure form of the 
electrical resistivity in Pd Co alloys, as well 


Table 2 


Alloy 


Api(T )-Ap,(2 

(at ^ ( \ c) 

ipiil cm) 

(fill cm) 

1 Pd 0 16 

0 0103 

0 

2 Pd-0 23 

0 0171 

0 

3 Pd-0 41 

0 t)27ll 

O'OOlO 

4 Pd.0 54 

0-0351 

0 IH)27 

5 Pd-0 7K 

0-0468 

00116 


PsOmaled correction 

“New*’ >tep 


at r, 

height 

J 

(ju-ii cm) 

(^l cm) 

(eV) 

0 

00256 

0 051 

0 

0-0480 

00.^9 

0-0026 

0-0888 

0060 

00091 

01 329 

0064 

00566 

0-1952 

0-064 


Sultix ] i'erervroallv)y number ) 
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as the possible enhanced paramagnon scat- 
tering above 7,. in both the Pd Fe and Pd Co 
alloy systems. 
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Abstract- Electron spectroscopic measurements of binding energy shifts of Cl.s electrons in Group 
4b, 5h and 6/> carbides and of core electrons in Ti and V compounds are presented The results are 
discussed and compared with X-ray spectroscopic investigations and energy band calculations It 


is shown that electrons are transferred from the 
type is formed. 

L INTRODUCTION 

The electronic structure and the origin of 
the cohesive energy of transition metal car- 
bides have frequently been discussed in the 
literature [1]. The interesting and outstanding 
physical and chemical properties of the car- 
bides and their simple crystallographic 
structures have made these compounds par- 
ticularly attractive for theoretical considera- 
tions. The question of electron transfer 
between the metal and the carbon atoms, i.e. 
whether the metal atom is an electron donor 
or acceptor with respect to the carbon atom, 
was raised early in the discussions and still 
remains the most frequently discussed 
Due to the difficulties in making accurate 
measurements of electron transfer between 
the atoms, there has been a lack of definitive 
experimental data. Unfortunately, there is 
also serious disagreement between the dif- 
ferent theories that have been proposed [I]. 
Even quantum mechanical methods have 
given contradictory results due to the lack of 
accurate experimental data to support the 
basic theoretical assumptions. 

The experimental method that has been 


metal to the carbon atoms when a carbide of this 

used in this study is based on high resolution 
electron spectroscopy and was originally 
developed for high precision determination of 
electron binding energies. Since it has been 
found to have great potential in chemical 
structure and chemical bonding research it 
is referred to as ESCA (Electron Spectro- 
scopy for Chemical Analysis) [2]. This method 
gives an experimental check on the proposed 
theories and quantum mechanical calculations 
Our purpose has been to perform an 
accurate experimental study of the electron 
transfer between the metal and the carbon 
atoms in transition metal carbides. We have 
concentrated the experiments on measure- 
ments of the energy shifts of the core electrons 
in TiCj. and VC and in the related materials 
TiBo. TiN, TiO, TiO., pure Ti and pure V. 
C\s shifts showing the electron transfer for 
other Group 4h and 5h carbides together with 
6h carbides are also presented. This investiga- 
tion can be regarded as an introduction to 
further accurate experimental studies on the 
electronic structures of interstitial com- 
pounds. Measurements can also be performed 
of the outer electronic levels which define 
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more directly the chemicdl and physical 
properties of the materialf3]. 

The ESC A results presented here are 
supported in a parallel investigation by 
Ramqvist ef a/.(4] on the metal K emission 
and absorption X-ray spectra of TiC and 
related compounds. 

2. TKST MATERIALS 

In ihc present invesiigalion the use of well defined test 
samples is stressed The starling materials have been of 
ihe highest purity practically and economically possible. 
1 lectronic Space Products. Inc , C alif . USA, and K & K 


Laborstor/es Inc., N.V., USA, have supplied the metal 
and the metal hydride powders. The metal dioxide 
powder was .supplied by J. T. Baker Chemical Co., N^w 
Jersey, USA, and the graphite powder together with the 
pure reference vanadium metal by Johnson, Matthcy A 
C'o., Lid., London, P-ngland, The reference titanium rod 
was produced by Koch' Light Laboratories Ltd., Coin- 
brook, Bucks, England. The test samples were analysed 
chemically with special attention to carbon and gas 
contents. The lattice parameter was used for phase 
identification, homogeneity and purity tests. The prepara- 
tion and lest melhod.s are described in the following sec- 
tions and relevant data of the materials are summarized 
in Table 1. 

It should be noticed that some of the test materials 
used in the present investigation have also been used 


Tahic I, Hroperties of the test materials and the reference metals 


Ho( pressed samples 

C7Me I uilieeparameier 0 N,H Meimpunlies 


( ompoiind 

+0 003 


(A) 

(WI.%) 

(wt.%) 

(wt.%) 

Id 

D-967 


4-32781 0-0002 

0 08 

0-10 

<0-2 


0 87h 


4‘ 3272 ± 0-0002 

009 

010 

<0-2 


0-775 


4-3253 ± 0-0001 

0 12 

0-11 

<.0-2 


0-675 


4 318810-0004 

0 16 

0-15 

<0-2 

/r(' 

0-913 


4 697410-0002 

0 08 

0-10 

<01 

HK 

0-915 


4-639110-0002 

008 

0-11 

<03 

VC 

0-876" 


4- 1670 + 0-0001 

0 02 

0-07 

<0-1 

NbC 

0-976 


4-470210-0001 

0-08 

0-04 

<0-5 

laC' 

0 990 


4-4550 + 0 0002 

005 

0-03 

<0-1 



(1 

5-.52741 0-0003 




C r,( . 

0 654 

h- 

:'8289lfl000l 

0-03 

005 

<01 



c - 

1 1 '4838:^ 0-0007 






- 

4 7306ifl-0(K)6 




M(),( 

0 495 

h--- 

6 029710-0006 

002 

002 

<0-1 



C - 

5-2010 1 0-0006 




W( 

0-99H 

a — 

2-9060 ^ 0 0001 

0-02 

005 

<0-1 



c — 

2-8371 + 0-0002 





U/Me 






1(11, 

2 0^ 

{1 ^ 

3 0298 i 0 0002 

0 24 

0-)() 

<01 



( - 

3-2306+ l)-(H)03 





N/Me 






hN 

1-0 

(I 

4'24]6l 0-0001 

0-52 


<0-2 

, melted samples 







C IMc 






h( 

0 590:^0-(K)5 

a — 

4 3l34lO-lHK)5 

0 07 

001 

<0 2 


O/Me 





W - < ()‘05 

!i() 

1 0 

u - 

4 1763 1:0-0002 


0-12 

<0 2 







W-<0-05 

liO. 

2 0 

a ^ 

4 ^998 + 0 IKtO^ 


0 15 

<0-2 



(' — 

2 957810 0006 



W- <0 05 


Kefci ence metals 

liroii <0-4 

V filainenl <01 


*'ldtalcai(H)n( /VO W 
t/y content estimated. 
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in the X-ray emission investigation [4] mentioned m the 
introduction. 

2.1 Preparation methods 

Since ESCA is a surface methodUl it is very important 
to have test samples with pure and chemically well 
defined surfaces, It was shown experimentally that weak 
carbide but relatively strong oxygen signals were obtained 
from carbide powders of gram size. The 

optimum signals from the carbide were obtained from 
highly polished dense surfaces. In this investigation 
high density lest samples with a 0 5 cm^ source area were 
prepared by hot pressing and arc melting methods As 
pointed out previously [5. 6) these two preparation 
methods suffer from contamination problems. Although 
other methods, such as the gascarbunzation method, 
produce purer samplcs{5), it is difficult by these methods 
to fabricate large, dense and chemically well defined 
surfaces on the specimens, Attempts to make ESCA 
measuremenls on gascarbunzed wires of 0-3 mm dia. 
failed due to difficulties m surface polishing and handling 
of the brittle wires. 

2.1.J Hof pre\Mnfi. The carbides were prepared start- 
ing from high purity metal or hydride and spectroscopi- 
cally pure carbon powders. After mixing and pressing, 
the produced bars were placed upon supports made of the 
same material to avoid contamination and put into a fur- 
nace under a vacuum of < 10 '‘^Torr. and healed for 1 hr 
at the appropriate reaction temperature, around 200(J°C 
for most Ah and carbides, 1700T for the TiCj. senes 
formed from TiHj and C, and around 1700T for the 
hh carbides After grinding and reheating three times 
homogeneous carbide powders with sharp X-ray ditfrac- 
tion patterns were obtained in all cases The carbide pow- 
ders were then hot pressed according to methods 
dcsciihed in previous papers! 5-8). Carborundum boron 
nitride grade HP was used m contact with the non- 
sioichiometric carbides and the other titanium compounds 
to avoid carbon pick-up and gradients from the graphite 
die. The hot pressing was earned out under a puie argon 
atmosphere m order to prevent carbon loss and gradients, 
an especially imporianl consideration for the non- 
stoichiomelncal carbides. After hot pressing the BN and 
(he underlying layer of the specimen were ground to 
ensure a pure carbide surface which was polished down to 
1p.m. For the TiCj-series a vacuum annealing under a 
pressure of ^ 10“^' Torr. at 17U0T for 8 hr was added m 
order to lower the content of entrapped gases. A higher 
annealing icmperature would piobably lovver the gas 
content further but. at the same time, would initiate 
loss ofTi andC resulting in serious gradients and inhomo- 
geneiliesl^j. Discs of dense and gas free non-sioichio- 
metric Iif’ can thus he picpared only wiih great care 

After the ESCA measurements the discs were subject 
to X-ray and chemical analyses. I he carbon analyses 
were carried out using the \\vccarbon 100‘ recently 
developed at A vesta .Jcrnveiks AB. The Axel Johnson 
Group. Sweden 1 101. 7'his equipment works according to 
the low picssure method, an absolute method capable 
of high accuracy [ 1 1 1 The oxygen and nitrogen analyses 
were performed according to the vacuum liquid extrac- 
tion method with a Leybold G AO I equipment 


The lattice parameters were measured with a 80 mm 
diameter Guinier-Hagg camera using CuKa, radiation 
with A=F54051A. Silicon with a lattice parameter 
of ( 5-43054 ± 0 00017 ) A was used as an internal standard 
in all measuremenls. The parameters were refined with a 
least squares program 1 12]. All samples used in this 
project proved to he of the homogeneous single phase 
type with sharp difiVaction patterns Since the lattice 
parameters are relatively sensitive to the gas content 
in the carbide, the X-ray data can he put to advantage 
as an indirect gas analysing method. Using the literaiuie 
survey by Storms [9J as a guide the present lattice para- 
meters showed low gas contents 
A hot pressed T iB^ disc and TiN powder were obtained 
from Soderfors bruk, Sweden and Institute of Inorganic 
Chemistry, University of Stockholm. Sweden respective- 
ly. These samples were prepared and analysed m accor- 
dance to the method described above, 

2.1.2 Arc The arc melting method often gives 

lower gas content than the hot pressing method, especially 
in non-stoichiomctnc carbides [6,9]. However, if the 
homogeneity problems, which can occur even after re- 
mcltings. arc solved by long time annealings the samples 
are generally contaminated with gases. In the present 
investigation we have chosen to improve the homo- 
geneity of the samples by remcltings only. As a comple- 
ment to the hot pressed samples one non-stoichiomctnc 
carbide, Ti(\) and two oxides. T'lOj and T tO. were arc 
melted in pure argon using T i-7r melts as oxygen getters 
T'lO was produced starting from pure Ti and TiO, pow- 
ders The arc melted samples were then prepared for the 
ESCA measurements m accordance with the method 
described for the hot pressed samples Since this pro- 
cedure utilizes a tungsten electrode m the melting 
procedure, a tungsten analysis was added. This analysis 
was made with a Perkm Flmcr Atomic Absorption 
Spectrophotometer 303, 


3. EXPERIMENTAL TECHNIQUES 
The FSCA technique has been described in 
detail elsewhere [2], but a short summary will 
be given of the procedure used in this experi- 
ment. RIectrons emitted from a sample upon 
irradiation with X-rays are analysed in an iron- 
free double-focussing spectromelcr[l.'^] and 
detected with a windowless channel electron 
multiplier. I he number of electrons is locord- 
cd as a function of the spectrometer current 
which is proportional to the electron 
momentum. 

In the photoelectric process (he electron 
binding energy, is obtained from the 
expression 

Eft 
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where Ex.ray is the characteristic X-radiation 
energy, known from X-ray spectroscopy, and 
Ekijj the kinetic energy of the ejected electrons, 
obtained from the momentum analysis. The 
Fermi level is chosen as a reference level for 
the electron binding energies and a correc' 
tion for the work function (f>gp of the spectro- 
meter material then has to be applied [1 4]. 

In the de-excitation process following the 
photoelectric emission Auger electrons are 
emitted from the specimen. The Auger 
process is the radiationless alternative to 
X-ray emission for the de-excitation of atoms 
with inner shell vacancies. The energy of 
such electrons is independent of the primary 
X-radiation. For example, the kinetic energy 
of a KLjiLiji (TX) Auger electron is given 
by the following expression [ 1 5 J : 

£\JKL„L„,('D,)] = E,{K)-2E,ALu} 
~F''(2\.2\) + 2|25F^2\.2\)+^■,, 
~[(mFH2\,2]) + U,,y + UhV^-<i>s, 

where Ef,{K) and are the electron 

binding energies of the K and shells, 
fii = “£'b(Tii,)] is a measure of the 

spin-orbit coupling, and ^*^(21, 21) and 
F^(2I, 21 ) are matrix elements of the electro- 
static interaction between two electrons. The 
notation KLuL^ means that the atom has 
initially one vacancy in the K shell and vacan- 
cies in the L], and subshells after the 
de-excitation. 

The core electron energy levels are shifted 
when a chemical bond is formed. The ob- 
served chemical shifts can be explained in a 
simple model as follows. The valence electron 
orbitals deiine a spherical 'valence shelf 
of electnc charge. If charge is added to or 
removed from this valence shell, the electric 
potential inside the shell is changed. This 
potential is also modified due to the interac- 
tion with the neighbouring atoms. I he core 
electron binding energies are thus changed 
by almost the same amount The kinetic 
energies of the photo and Auger electron 


lines are shifted as follows 

and 

^^kln(XLi|L||i) 

with neglect of changes in the electrostatic 
interaction integrals in the expression for the 
Auger transition energy. Since is almost 
the same for inner shells 

^£^kln(Ef"IlTiii) AEfi 

which means that both photoelectron lines and 
Auger lines are shifted in the same direction 
and by about the same amount. Furthermore 
since 

Ka, = E,(K)-E,(Luri 

/Ca,-E„(/C)-E,a„) 

the following relations hold 

AXa,-AE,(X)-AE,a,„) 

^Ka, = ^E,{K)-^EM 
AEK,a(XL„L„,)-AX«,-AE,(L„) 

= AXa,-AEft(E„,) 

= -2AE,(X)+A£fc(E„)+AE,(L„,) 
= -(AXa,+AXa,) = -2AXa. 

Different characteristic X-radiations have 
been used in this work depending on the’ 
energy of the atomic level studied. The 
radiations were CuX«,, and 

having quantum energies equal to 8047-8, 
1486*6 and I253'6eV, respectively [16]. The 
inherent widths of the Al/Cai .2 and MgXai.^ 
emission lines are less than one eV[14J. 
Since the contributions from the spectro- 
meter and from the levels studies are of the 
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same magnitude, (he resultant electron lines 
are narrow. When soft X-rays are used, the 
detected electrons come mainly from the first 
hundred A of the sample. This means that 
ESCA is a surface method, sensitive to sur- 
face contamination and oxidation. 

The electron spectra were calibrated against 
carbon in the hydrocarbon layer which forms 
on the sample when this is introduced into 
the spectrometer. This contamination comes 
from the rotary pump oil and the O-ring 
grease. In most cases it is convenient to use 
this carbon \s electron line for calibration 
purposes. The momentum of the line has been 
determined from an absolute calibration of 
copper 2 p^i 2 lines excited with two different 
X-rays of well known energies[17]. U has 
been found that carbon in graphite has the 
same I.y binding energy as carbon in hydro- 
carbons, within the resolution limits of these 
experiments. 

The electron spectra excited with CuA^ai 
radiation could not be calibrated in the same 
way. Instead, a comparison was made be- 
tween the momenta of corresponding electron 
lines from two sources. 

4. RESULTS 

4. 1 Carbon in transition metal carbides 

The carbon h’ electron spectra from the 
transition metal carbides, TiC, ZrC, HfC, 
VC, NbC, TaC, Cr^, MoX, and WC, 
consist of two lines, the hydrocarbon line, 
the intensity of which increases with time, and 
a second line originating from carbon in the 
carbide. The latter line was in all cases found 
at a higher kinetic energy than the hydrocarbon 
line indicating that carbon in carbides has a 
lower \s binding energy than in saturated 
hydrocarbons. 

Figure 1 shows the Cfv electron spectra for 
Fife, TaC, and WC compared with the hydro- 
carbon line. The energy separation between 
the two lines varies with the metal component 
from about 2 up to 4 eV, Table 2. The energy 
shifts are largest for 4h carbides. This is in 
agreement with Pauling's electro-negativity 



KINETIC ENERGY 
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eV 285 280 

BINDING ENERGY 

Fig. I. CU electron spectra from HfC, TaC and WC 
excited wah MgKa radiation. In each spectrum two lines 
are seen, one from the hydrocarbon layer and one from 
the carbide, The latter line corresponds to a lowered 
binding energy of the Cli level, which shows that elec- 
tronic charge is transferred from the metal to the carbon 
atom. 

Table 2. Shift in hind in energy (eV) of the 
i.v level of carbon in transition metal 
carbides referred to carbon in the hydro- 
carbon layer 


Period 


Group 


4h 

5h 

6b 

4 

TiC-3 3 

VC -2-6 

Cr^C,-2 0 

5 

ZrC -3-7 

NbC -2 9 

Mo,C-2-I 

6 

HfC -40 

TaC -2 9 

WC-2-1 


scale [1 8]. Each carbide was studied with 
AIXai 2 as well as with MgA'aj.^ radiation. 
Electron spectra excited by these two 
different radiations gave the same energy 
differences between the carbide line and the 
hydrocarbon reference. 
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ESC A studies of chemical shifts in electron 
spectra have been performed for a number 
of elements and the measurements have given 
strong evidence that the core electron binding 
energies in an atom increase when charge 
is removed from the atom [2]. Correlations 
between energy shifts and a charge parameter 
have been established for sulfur, nitrogen 
and carbon! 19-21). These studies, therefore, 
suggest that carbon in metal carbides is more 
negative than in saturated hydrocarbons and 
provide evidence that charge is transferred 
from the metal atom to the carbon atom when 
metal carbide is formed. 

The bond ene/gies in an interstitial com- 
pound may in principle be related to its heat 
of formation. The heat of formation is 
generally given in energy per mole of MeCj., 
~\Hm^ but for a more exact correlation to 
the bond strength, this energy per atom, 
is mure appropriate. In Fig. 2 
it is show n that the Cl.v energy shifts for those 
carbides which are cubic can be correlated 
with the heats of formation per mole for 
stoichiometric carbides. The values per atom 
would not be more accurate since the varia- 
tions o\ ~^H with carbon content are not fully 
elucidated. The values of the heats of forma- 
tion are taken from the review by Storms[9|. 
The value of— AA/ for VC is in some doubt. 



Pig 2. Relationship between the shift of the C'U level 
and the heal of formation of cuhie (iroup Ah and 5h 
carbides Slandaid deviations are indicated 


Figure 2 demonstrates that the ESCA shifts 
measured for these carbides are proportional 
to their heats of formation. As heats of forma- 
tion and bond strengths are similarly related, 
the ESCA measurements might be used 
directly to estimate bond strengths. However, 
ESCA is a measure of charge transfer; the 
linear correlation of Fig, 2 is strongly sug- 
gestive that bond strength differences in these 
carbides are due to differences in the ionic 
rather than the covalent contribution to the 
binding energy. 

4.2 Titanium in titanium carbide and related 
titanium compounds 

Further evidence of the charge transfer 
can be obtained from the binding energies of 
the core electrons of the metal constituent. 
These should then be compared with the 
energies for the same metal in other metal- 
interstitial compounds. For this reason a 
series of titanium compounds was also 
studied. 

Electron spectra of stoichiometric and non- 
stoichiometric TiC and the related materials 
(TiO^, TiO, TiN, TiB,, and Ti) were recorded 
using A\Kai:, excitation. The Ti2p,/.^and 
electron lines from some of these compounds 
are shown in Fig. 3 together with the \s 
electron lines from the non-metals. The shifts 
in binding energies referred to the 2p;j,2 
binding energy in metallic Ti are given in 
Table 3. 

The TiOa spectrum, Fig. 3(a), shows two 
narrow electron lines corresponding to the 
spin doublet Ti2/?i/2, ^P:m ^ broad 
OFs line. Figure 3(b) shows the electron 
spectrum recorded for TiO. Two lines with 
the same binding energies as observed for 
nO^ are found together with a line of lower 
binding energy and lower intensity. This 
suggests that the sample surface is oxidized 
to such an extent that the dioxide is pre- 
dominant. I'his explanation is further sup- 
ported by a study of the relative intensities 
of the l,v line of oxygen and the 2 p>^i 2 line of 
titanium as follows. Empirically it has been 
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Fig. 3. Fleciron spectra of titanijm compounds excited with 
MKa^i radiation, (a) Ob, und electron lines 

from T 1 O 2 (h) Electron lines from TiO. Ti2pi,^ and 
lines from TiO^ and TiO are found together with an Oh line 
with about the same relative intensity as in (a) (c) N \ s. Ti2p, 2 
and T\lpv 2 electron lines from TiN. (d) Cb, Ti2p,,2 and Ti2p„2 
electron lines from TiC'. The Civ calibration line from the 
hydrocarbon layer marked C is also shown, (e) Electron lines 
from TiBn. Since the surface is oxidized, electron lines corre- 
sponding to T 1 O 2 and B.O,, are also present (f) 1i2p, » and 
Ti2p,i,2 electron lines from polished Ti metal. The surface is 
oxidized into TiO^ probably with TiO as an intermediate slate 


found that the photoelectric cross section is 
proportional to Z^\ where Z is the atomic 
number of an element [22]. The relative 
intensities of the lines Y\s (T^B.C.N.O) 


and Ti2p;}/o from the titanium compounds are 
given in Table 3. Setting ^ = 3 and choosing 
the intensity ratio of one boron atom and one 
titanium atom as unity gives a reasonably 
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Table 3. Bindirifi energy shifts and relative intensities for titanium compounds 

from Fig. 3 


impound 

Ti 2 p^f 2 binding 
energy shift 
relative to 
melallic titanium 
(eV) 

Electro- 

negativity 

difference 

[18] 

Relative 
intensity 
Flv/Ti 2 p.,, 
(y= B,C,N, 0 ) 
from Fig. 3 

Relative photoelectric 
cross section of normalized 
to B/Ti /zY 
Exp. ( 5 ) 

TiB, 

0-3±0’2 

0-5 

0-48 

1 

1 

TiC 

1 3±01 

10 

0-44 

1-8 

1*7 

TiN 

l•5±0■2 

1-5 

0-6 

2-5 

2'7 

TjO 

lO + O^ 


7 

29 



4-8±0'2 

20 

1-6 

3-3 

41 

TiO.; 

4-9±02 

20 

1-7 

3-5 

41 


good fit for the carbon and nitrogen lines and 
supports the assumption that the composition 
of the surface layer of the monoxide sample 
is TizOg or TiOz rather than TiO. 

The Ti2p spectrum from TiN, Fig. 3(c), 
shows four lines, of which the two weaker 
originate from an oxidized surface but with 
smaller binding energies than in Fig. 3(a). 
The Nls binding energy shift suggests elec- 
tron transfer from titanium to nitrogen [ 20 ]. 

The titanium carbide spectra were free from 
titanium oxide lines due to the method of 
making the samples. Different non-stoichio- 
metric compounds of TiCj (jc = 0*590-0*967) 
were studied and the Ti 2 p 3/2 binding energy 
was found to increase as the carbon content 
was increased, Fig. 4. The binding energies 
are referred to the Ti 2 p 3/2 binding energy 
of Ti metal. The CI 5 shifts were the same for 
all carbides within error limits. The results 
are in good agreement with the TiA’a, shifts 
for non-stoichiometric titanium carbides [4]. 

The heat of formation per mole, — A// 2 flHK» 
increases with increasing carbon content of 
Group 4b carbides. Morozova et al [23] have 
reported the heat of formation to increase 
linearly from llOkJ/mole for TiCos to 
== 230 kJ/mole for TiCj-o. Even if their-A// 29 g 
values may be somewhat too high [1,9] their 
result points to the principal relationship 
between carbon concentration and heat of 
formation. It is important to notice that the 
value of the heat of formation per atom, i.e. 



ATOM RATIO C/Ti 

Fig. 4. Relationship between the shift of the Ti2p3/2 level 
and the atom ratio, C/Ti, for TiCj (j: = 0\590-0-967). 

Standard deviations are indicated. 

a value which is more exactly related to the 
bond strength than the value of the heat of 
formation per mole, also increases when 
carbon atoms are added. Figure 5 implies 
that the ESCA Ti 2 p 3/2 energy shifts are 
proportional to the heats of formation for 
TiC with varying carbon content. Figure 5, 
like Fig. 2 as discussed above, is strongly 
suggestive that bond strength differences in 
TiCj (jc = 0*590-0*%7) are ionic (vis-d-vis 
covalent). An increase in carbon content 
within the range studied increases the ionicity 
of the bond and the stability of the carbide. 

The spectrum from titanium boride, Fig. 
3 (e), shows several lines; the Ti 2 p,/ 2 , 
from TiBz, along with the same lines from 
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HEAT OF FORMATION kJ/mole 

Fig. 5. Relationship between the shift of the Ti2p3/2 level 
and the heat of formation, forTiC with increasing 
carbon content. 

TiOa and from TiN. The corresponding \s 
lines from boron, nitrogen and oxygen were 
also recorded. Boric acid was probably 
formed on the sample surface since two lines 
appeared in the h\s spectrum. The sample was 
prepared in BN which explains the appear- 
ance of nitrogen lines. 

Titanium metal was polished to reduce 
the oxide layer. The resulting spectrum, 
Fig. 3(f), shows three lines which can be 
resolved into two spins doublets, one corre- 
sponding to TiO^ and one to Ti metal. The 
Ti 2 p ;„2 line from the metal is also broader 
than normal which indicates the presence of 
Ti-oxide in lower oxidation states. The 
sample surface is thus oxidized to TiOa pre- 
sumably with TiO as an intermediate state. 
The Ti2p.j/.j energy in titanium metal, 453 *8 eV, 


is used as a reference for the shifts given in 
Table 3, since the Ti2p-,/2 line from Ti is well 
resolved from the Ti 2 Ai /2 line from Ti 02 . 

X-ray spectroscopy has established 
decreasing energies for the TiXa, emission 
lines for the series Ti, TiO, TiN, and TiC. 
it is therefore of interest to investigate the 
energy shifts of the JWs lines and the 
TiXLiiLiii Auger lines. The shift in the Auger 
transition may be considered as shifts in the 
Ka transition and the 2p level as previously 
explained. These kinetic energy shifts are 
summarized in Table 4 together with X-ray 
emission data from [4]. The differences 
A£kin(2p:)/2)-A£'kin(l^) and A£k,„(/(L||L|„) 
-A£'kin(2Aw) agree fairly well with the shift 
in the TlKa^ transition energy. 

For certain titanium compounds the Ip^ 
level is thus shifted more than the ]s level. 
The Auger transition is changed still more 
since it lakes account of the energy shifts 
of the two 2p levels and the 1 5 level. This 
particular behavior of the core electron levels 
has been found dependent on 3d electron 
transfer[4,24]. When 3p electrons con- 
stitute the bonding electrons, however, the \s 
level is shifted more than the 2p levels[2, 24]. 

In Table 4 data from electron spectra 
recorded from VC and vanadium metal are 
included. The results are quite similar to those 
for Ti compounds. The kinetic energies of the 
V]s, V2pj/2 and VKliiLm lines are lower in 
the carbide than in the metal. This result 
confirms the conclusion drawn from the Civ 
spectrum that electrons are transferred from 
the metal atoms to the carbon atoms. 


Table 4. Shift in kinetic energy (eV) for the Is, 2p,i;2 and 
KLnLu^i^Di) lines, and for the Da, transition energy, relative 
to the pure meta! 


Compound 

1.V 



KaAM 

TiC 

-1*0±0‘4 

-F3±0i 


M)-33i002 

TiN 

-l-2±0-4 

-I-5±0'2 

-l-9±0'4 

-0 19 ±004 

TiO 

~10±0-4 

-10±0-2 

-1-6 + 0-5 

-0 09 + 003 

TiOs 

— 4'3±0'4 

-^■9 ±0-2 

-5-8 + 0-4 


VC 

-l’5±0-4 

-t-8±0-3 

-2'4±0-4 
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5. COMPARISON WITH THE LITERATl/RE 
Since the literature on the electronic struc- 
tures of metallic carbides is very extensive 
we will deni only with experiments and 
theories of current interest. For a more 
detailed discussion of the theoretical works 
see the parallel X-ray investigation [4] on 
the TiA' absorption and emission bands of 
TiCj and related compounds. 

Holliday has studied the carbon A and metal 
Lii and Lm X-ray emission bands of stoi- 
chiometric and non-stoichiometric metal 
carbides [25], and suggested from the wave- 
length shifts of the emission bands that the 
vanadium and titanium atoms are more 
negative in the carbide than in the metal, 
contradicting the interpretation of our ESC A 
results, and those of [4]. However, a direct 
comparison of the ESCA spectra and 
Holliday’s emission bands is quite suggestive 
and requires further comment. 

The electron transfer cannot be determined 
from the shift of the peak ofthe emission band. 
The prolilc of the emission band is defined 
by the band structure which, in the metal 


spectra in question, cannot be obtained since 
(he relati ve intensity of the Ljj and Lm bands 
is unknown. The shift of the inner level should 
be measured relative to the Fermi level; i.e. to 
the edge at the high energy side of the emis- 
sion band. But since the Lu and Lm bands lie 
so close to each other there are difficulties 
in resolving the bands and obtaining the 
edges. The present ESCA study has aided 
this problem. As can be seen in Fig. 6 (he 
ESCA peak, Ti2/?;i/2, fils Holliday’s emission 
band of pure Ti at the high energy side and 
shows the Fermi level. The experimental 
consensus between Holliday and this investi- 
gation is thus obvious. Since the ESCA peak 
and the high energy edge of the L,n emission 
band of TiC do not coincide as they did for 
the pure metal, we can conclude that the 
density of states is low at the Fermi level 
for TiC. This is also the conclusion from the 
comparison of Holliday’s CK emission bands 
and the ESCA Os peaks for various car- 
bides of which TiC and VC are shown in 
Fig. 7. It is important to note that the shifts 
of the ESCA peaks are opposite to those of 



Tit- 6 1 emission bands of I i and TiC as recorded by Holliday 
1251- ('orresponding ESCA bindmg energies, are also 

indicated 'the ESCA peak fils the high energy edge for Ti but not 
foi 1 iC indicating that the density of stales is low at the bermi 
level for carbides. 
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Fig. l.CK emission bands of graphile, TiC and VC as recor- 
ded by Holliday [25 j with the corresponding ESC A binding 
energies indicated. CU-. The peaks of the emission bands 
ol 71C and VC are shifted in the opposite direction to the 
ESCA binding energies 


the maximum of the peaks for the carbide 
emission bands given. For the Ti-0 system, 
however, Holliday [26] obtains the same 
results as we do; in this system the shifts 
of the peaks and the edges are in the same 
direction. 

The X-ray absorption and emission inves- 
tigation on TiCj. and related compounds show 
that, indeed, the density of states at the Fermi 
level is low. The binding energies measured 
by X-ray absorption and ESCA also appear 
in close agreement for the samples examined. 

Quantum mechanical calculations by Costa 
and Conte[27] and by Lye and Logolhelis[28] 
suggest charge transfer from carbon to metal 
atom, In contradiction to our conclusions. In 
their LCAO calculation for TiC and TiN 
Costa and Conte neglect all but the ri-func- 
tions’ interactions, but, nevertheless, em- 
phasize a stronger metal-metal interaction 
in the compound than in the metal due to 
carbon overlap in the 3c/, orbital. 

Lye and Logothelisl28] report a semi- 
empirical, tight-binding calculation of the 
band structure of TiC, parametrized to fit 


optical properties from dispersion analyses 
of the measured reflectivity. Considering 
C2.V and 2p and Ti3c/, 4.v and 4p orbitals. Lye 
and Logothetis find a surprisingly high, 
largely unoccupied 2p level responsible for 
the transfer of Ij electrons from carbon to 
titanium. They get C2p slates of much 
higher energy relative to the Ti3c/ bands than 
most other quantum mechanical calculations 
on TiC. Lye, Hollox and Venables have 
recently used the same method to examine 
the electronic structure of VC and predict 
an analogous type of bonding for this 
carbide [29]. 

The relative energy of these calculated 
2p levels is quite different from that cal- 
culated earlier by Bilz[30l for cubic inter- 
stitial compounds. His light-binding approxi- 
mation, considering only carbon 2p and titan- 
ium 3t/ and orbitals, suggested electron 
transfer in qualitative agreement with our 
ESCA results. 

APW calculations by Frn and Switendick 
[3 1] and more recently by Conklin and Silver- 
smith [32] . also predict 2p states lower than 



1846 


L. RAMQVIST etai 


Lye and Logothelis. For TiC the self- 
consistent APW calculation by Conklin and 
Silversmith [32] give a loss of less than one 
Ti3^ electron. This is in excellent agreement 
with the interpretation of the measured 
energy shifts of the Tilpm and Ti!^ levels 
as discussed above(4,24]. The less accurate, 
non self-consistent APW calculation by Ern 
and Switendick[31], on the other hand, has a 
greater occupancy of the Ti3^ states for TiC 
than for the neutral atom. Ern and Switen- 
dick [3 1] also predict, in contradiction to the 
present results, increasing ionicity in the 
order TiC-TiN-TiO. Their results indicate, 
in agreement with the electronegativity 
concepts, a more localized non-metal Ip band 
and as a consequence fewer Ti3J electrons 
in that order. Although Denker[33] in his 
localized orbital model for the same com^ 
pounds suggests a similar increase of the 
ionicity as in [31], it is evident from his 
discussion that at the same time as the non- 
metal bonding levels will be more localized 
from carbide to oxide the additional valence 
electrons in TIN and TiO partially enter the 
next levels which are antibonding and pre- 
dominantly localized around the Ti atoms; 
i.e. the T\}d levels. A balance between the 
increasing electronegativity and the filling of 
antibonding orbitals thus occurs; a balance, 
which, as discussed in [4J, is likely to be 
rather sensitive to the choice of the effective 
potential A self-consistent APW calculation 
for TiO recently made by Switendick[34] 
indicates a somewhat higher occupancy of the 
Ti3J states compared to TiC and thus con- 
firms our results. 

It is noteworthy that the two different APW 
ca)cuJations[3), 32], in spite of the discre- 
pancies regarding the transfer of the Ti'id 
electrons, both give a low density of states 
at the Fermi level, in agreement with the 
present ESCA results, 

6. CONCLUSIONS 

The present measurements on the core level 
shifts in various transition metal carbides and 


in the related compounds TiN,Ti0,Ti02,and 
TiB 2 show that electronic charge is trans- 
ferred from the metal to the non-metal con- 
stituent, This agrees with the conclusions of 
the parallel X-ray study of TiC and related 
compounds by Ramqvist, Ekstig, Kaline, 
Noreland and Manne[4]. The soft X-ray 
measurements on transition metal carbides 
by Holliday [25] can also be interpreted in 
agreement with our results if the energy shifts 
of his emission bands are re-evaluated as 
indicated in the text. The approximately 
self-consistent APW calculation for TiC by 
Conklin and Silversmith [32] gives a charge 
transfer from the Ti to the C states and 
thereby confirms the earlier APW calcula- 
tions by Ern and Switendick[31]. 

The shift towards higher binding energy of 
the Til A’ level was shown to be smaller than 
the corresponding shift of the Tilp^nz level in 
TiC, TiN, TiO and Ti02 implying a loss of 
Ti3d electrons. In their APW calculation 
Conklin and Silversmith [32] also give a lower 
occupancy in the Ti3<i states for TiC than for 
the pure metal. The same relationship be- 
tween the \ s and Ip-^f^ shifts was found for the 
VC phase. It thus appears likely that the metal 
atom always has fewer rf-electrons in atom 
interstitial compounds than in pure metals. 
The present investigation further indicates 
that the charge transfer decreases in the order 
(TiC-TiN)-TiO. This trend is in agreement 
with that experimentally found in [4] but in 
disagreement with that theoretically pre- 
dicted by Ern and Switendick[311 in their 
APW calculations. However, a self-consistent 
APW calculation for TiO quite recently 
made by Switendick(341 indicates a higher 
occupancy of the Ti3J states compared to 
TiC. 

The experimentally found low density of 
states for carbides at the Fermi level is also 
predicted by the APW calculations[31, 32], 
It might be concluded that the approximately 
self-consistent APW calculation for TiC 
by Conklin and Silversmith [32] obtains 
strong support by the present ESCA results. 
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Abstract- New measurements are presenled ofTi A" absorption and emission spectra from TiC. TiN. 
TiO, TiBo. and Ti. It is shown that in all investigated compounds the number of Ti 3t/clectrons is 
lower than in the pure metal. For the three cubic compounds the order of increasing ionicity isTiO, 
TiN, TiC The results are discussed in conjunction with other X-ray and electron spectroscopical 
investigations and are shown to be in agreement with recent energy band calculations using (he self- 
consislent Augmented Plane Wave method. 


INTRODUCTION 

The electronic structure of transition metal 
carbides has been the object of many theor- 
etical and experimental investigations. Two 
schools have evolved, one advocating that 
the metal acts as electron donor, the other 
that it acts as electron acceptor f I ]. In the 
present investigation experimental evidence 
is presented in favor of the former school. 
We examined the metal K absorption and 
emission spectra for the following materials: 
Ti, TiBi, TiC, TiN, and TiO and also for the 
non-stoichiomelric carbide TiCfl.?. Com- 
parisons to theoretical work are made in two 
respects: (i| the band structure as displayed in 
the absorption and emission band spectra is 
compared to band structure calculations, (ii) 
the direction and the relative magnitudes of 
inner level shifts in compounds are compared 
to those theoretically predicted. 

Parallel to the present work an investiga- 
tion was made of the inner level shifts in the 
same materials by electron spectroscopy 


(ESCA)f2]. These results and earlier soft 
X-ray measurements 13] are shown to be 
consistent with the present results. 

Experimental determinations of titanium 
K spectra in chemical compounds have pre- 
viously been performed mostly by investiga- 
tors in the Soviet Union, eg. Vainshtein, 
Chirkov and Blokhin[4,5]. Blokhin and 
Shuvaevf6]. and by Nemnonov and Kolobova 
[7, 8J. It has, however, been shown for other 
physical properties of transition metal car- 
bides that the mode of preparation greatly 
influences the results [9]. Many investiga- 
tions in the literature are therefore not re- 
producible because of ill-defined test materials. 
To avoid that problem extensive tests were 
made of the purity and homogeneity of the 
materials in this investigation. 

EXPERIMENTAL 

Test materials 

Except for the TiO specimen, the same test 
materials were used in the electron speciro- 
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scopy investigation [2], Full information re- 
garding the sources of supply, the preparation 
and test methods are given in that paper, and 
therefore only summarized here. 

For the emission measurements test 
samples with a surface of approximately 
0*5 cm- were required. These samples were 
obtained by a hot pressing technique. For the 
absorption measurements the compacts were 
ground to powders. The TiO phase was hot 
pressed at 1 500T for 30 min. 

Special attention was paid to carbon and gas 
contents and to the homogeneity of the 
samples. The lattice parameter was used for 
identification, homogeneity and purity tests. 
It was measured with a 80 mm dia. Guinier- 
Hagg camera using Cu/Caj irradiation with 
1-54051 A and an internal standard of 
Si having the lattice parameter of 5*43054 ± 
0-00017 A. The parameters were refined using 
a computerized least squares program. The 
carbon analyses were carried out with the 
equipment Avecarbon 1 00, recently de- 
veloped at Avesta Jernverks AB of the 
Axel Johnson Group [10]. Oxygen and nitro- 
gen analyses were made with the vacuum 
liquid extraction method with a Leybold GAO 
I equipment. The results are summarized in 
Table 1. Other physical measurements on 
TiC and TiCo ^ are published elsewhere [9]. 


Apparatus 

The K(X\ and emission lines, the K 
emission band, and the K absorption edge 
were recorded with a 2 meter bent crystal 
vacuum spectrometer of Johann type. The 
emission spectra were recorded in primary 
radiation. The analyzer crystal was quartz 
with reflections from the lOTO planes. A 
proportional counter was used as detector 
and the spectra were recorded automatically 
in the 2nd order of reflection, the dispersion 
in this order being 2-1 1 XU/mm. The pressure 
in the tank was less than 5X lO’^Torr. The 
spectrometer has been described in greater 
detail elsewhere [11, 12]. 

Emission measurements 

The samples were prepared as solid X^ray 
anodes from the source material described 
above. Due to the low evaporation tempera- 
tures of pure titanium and some of its com- 
pounds at the pressure used in the vacuum 
tank, the power over the water-cooled X-ray 
tube was kept at a minimum. The emission 
current ranged between 2-8 mA and the 
applied voltage between 8-lOkV. A typical 
value of the peak counting rate was 
4500 cps. To test any influence of successive 
contamination of the samples every recording 
of a compound was immediately followed by 


Table 1 . Properties of the test materials and the reference metal 




0 

H,N 

Me impurities 

Compound 

(A) 

(wl.9^) 

(wt.%) 

(wt.%) 

Hot pressed samples 





FlC 1 o(T lC„ i«j 7 +om}a) 

4'3278± 0-0002 

0-08 

0-10 

< 0-2 

FlL 7 ! I iC ,1 (, 75-^0 

4-M88± 0-0004 

0-16 

0-15 

< 0-2 

'IlN M, 

4-2416 ± 0-0001 

0-52 


< 0-2 

[»B ,, 

w- 3-0298 ± 0 0002 

0-24 

0-10 

< 0-1 


(= 3-2306 ± 0-0003 




TiO H. 

4- 1714 ±00007 


0-57 

< 0-2 

Reference melal 





r i powder 

« = 2-95 15 ±0-0002 



< 0-3 


c= 4-6908 ± 0-0007 




T 1 rod 




< O-Ol* 


^According lo supplier. Johnson, Matthey & Co. Ltd., l.ondon, Kngland 
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a recording of the pure metal and this proced- 
ure was repeated at least twice. The shifts of 
the line peaks were calculated from such pairs 
of curves. Typical values for the total scan- 
ning time for one run over the spectrum was 
for the Kol^ line 20 min, for the line 60 
min, and for the K emission band 8 hr. 


Absorption measurements 

The absorbers were made of powder with 
grain sizes of I -10/4 m suspended in a zapon 
solution and spread onto mylar film. In this 
way the compounds were kept intact. For 
metallic titanium two absorbers were made, 
one powder absorber and one absorber pre- 
pared by vacuum deposition of speclro- 
graphically pure metal onto mylar backing. 
The intensity of the continuous radiation from 
an X-ray tube with tungsten anode operated 
at 1 3 kV and 22 mA was first recorded with- 
out absorber and was found to be constant 
over the energy region of interest. Then the 
transmitted intensity spectra were recorded. 
The pulse counting rate in the 2nd order of 
reflection without absorber in the X-ray beam 
was I20cps. Each absorption spectrum was 
registered in a region of 40 XU around the 
absorption edge. The spectra were recorded 
once or twice depending on the thickness of 
the absorber. The measuring time for one 
total scan of the spectrum was about 8 hr. 

RESULTS 

The recorded emission and absorption 
spectra are reproduced by the solid lines in 
Figs. 1-3 and 5-7. The emission spectra 
are given in a linear intensity scale. Due to the 
grain sizes of the powder, uniform absorbers 
of optimal thickness could not be made. Thus 
no precise determination of the absorption 
coefficients was possible. Consequently the 
absorption spectra are presented as trans- 
mitted intensity in a negative logarithmic 
scale. 

The absorption spectra from the two titan- 


ium metal absorbers are reproduced in Fig. 1. 
It is observed that the first absorption struc- 
ture at the low energy side of the edge as dis- 
played in the evaporated absorber curve 
dominates the whole absorption jump in the 
curve for the powder absorber. This is ob- 
viously due to the nature of the powder 
absorber where the transmitted radiation has 



Fig. 1. K absorpiion specirum and emission band for 
metallic titanium compared to theoretical density of states 
histograms by Altmann and Brddiey(23]. Solid lines = 
experimental spectrum. Dashed-dotted line — tail of 
Kp},) line. Dashed line - resolved emission band 
Dotted lines = corrected and resolved spectra. The 
absorption and emission Intensities are in arbitrary 
units. Ei. denotes the Fermi energy, The two absorption 
curves (a) and (b) shov^ the spectrum from a powder 
and an evaporated absorber, respectively 

passed through absorbing material of varying 
thickness. The other powder absorption 
spectra display similar shapes. Thus little 
information about the band structure above 
the Fermi level is gained. It should be em- 
phasized. however, that the increase of the 
absorption starts at the Fermi edge, the 
determination of which was the main reason 
for recording the absorption spectra. The 
determination of the Fermi level is more 
uncertain for the compounds due to the low 
density of stales at (hat position. Therefore 
both absorpiion and emission spectra were 
considered for the determination of the 
Fermi level. 
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The K emission band was resolved from 
the tail of the KPi j line and is indicated by 
the dashed line in Figs. 1-3 and 5-7. The 
resolved emission spectra and the absorption 
spectra were then corrected for spectrometer 
smearing and partly for inner level smearing. 
This was done by a numerical iteration pro- 
cedure described in [13]. The smearing 
function was of Lorentzian shape with the 
width l-ZeV. This does not give a complete 
correction but was found to be optimal since 
a broader smearing function gave rise to 
difficulties due lo uncertainties In the recorded 
spectra, especially in the tails. Through this 
correction a more accurate determination of 
the Fermi level was made possible. The dotted 
lines in the figures show the corrected spectra. 

The wavelength and energy scales for the 
band spectra were calibrated with the Ti /CjSj..-, 
as reference. The wave-length of this line and 
the conversion factor from X-units to eV were 
taken from Bearden and Burr[14J. The errors 
in (he ordinate scale of the graphs denote the 
errors from the statistics of photon counting. 

The results of the measurements of K level 
shifts are given in Table 2. Note that we 
follow the experimentalist convention to give 
levels in terms of binding energies which have 
the opposite sign from the orbital energies of 
atomic and molecular physics. Also included 
in the table are the same shifts recorded by 
photoelectron spectroscopy. 

Tabic 3 gives the shifts of the A'a, lines. 
A comparison of the L,,, shifts calculated 


Table 2. Shifts of K absorption 
edge (binding energy) relative to 
metallic titanium (e V ) f T/ AT: 
4965-3 eV[I4]) 



This paper 

ESCA[2] 

TiBj 

~0*5±0*4 


TiC„ 7 

~0*1±0'4 


TiC,„ 

0*7 ±0*4 

1*0 ±04 

TiN 

1-8 ±0-3 

]’2±04 

TiO 

0*5 ±03 

T0±0 4 


from the present data with the corresponding 
photoelectron spectra is also made in the 
same table. The shifts of the lines and 
the shifts in the Mu,,,, level calculated from 
the present data are given in Table 4. The 
errors in the energy values are estimated 
standard errors. Agreement between K and 
Liii binding energy shifts of the present in- 
vestigation and as determined by electron 
spectroscopy [2] is in all cases satisfactory, 
see Tables 2 and 3, 

Nemnonov and Kolobova [7] who report 
absorption and emission band spectra of 
TiC, TiN and TiO appear to have a A-level 
shift of ^O-SeV relative to Ti for all com- 
pounds. Chirkov, Blokhin and Vainshtein [5] 
who also measured the K emission band do 
not report the A-level shifts, though they 
appear lo have had the necessary data 
available. 

For the Ka^ shifts Chirkov et al,\5] give 
an accuracy of 0-1 eV while Blokhin and 


Table 3. Shifts of the Aa, line and the Lni binding energy relative to metallic 
titanium (eV) (TiAa,: 4510*84 eV[15], TiL„,:454*5 eV[14]) 



This paper 

/C«, 

Btokhin[6] 

Chirkov etal.[5] 

L 

This paper* 

III 

ESCA[2J 

[iB, 

-0- 18 ±004 

-0-25 ±0*02 


— 04±0 4 

0‘3±0-2 

(lC„7 

-0 09 ±0-04 

-0-62 ±002 


0'0±04 

0-9±0‘l 

TlCn, 

-0*33 ±0*02 

-0-16 ±0-02 

-0'5«±0-l 

10±03 

1'3±0-1 

TiN 

-0- 19 ±004 

-O il ±0 02 

-0-2n±0*l 

2-0±0-3 

T5±0-2 

TiO 

-009 ±0-03 

-0-38±0l0[l6I 

- 0 * 05 ± 0 -l 

0-6±0*3 

1*0 ±0-2 


♦Calculated from the K absorption edge and the Aa, line. 
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Table 4. Shifts of the line and the binding energy 
relative to metallic titanium (eV) (TiX/Q,,;,: 4931-8 eV[I5], 
TiAf,„„:33-5eVll41) " 



This paper 

Blokhin [6] 

Mil 

Chirkov ('/ al [5] 'I'his paper* 

TiBa 

-041 :t 0*12 

-0-75 ±0*05 


-01 ±0 4 

TiCfl,7 

-0-50 ±0-09 



0-4 ±0-4 

TiC,„ 

-044 ±0-09 

-0-80 ±0-05 

-0-6„±01 

M±04 

TiN 

-025±0-09 

-0-80 ±005 

-0-9„±0i 

2 0±0-3 

TiO 

-0-39 ±009 

-0-70 ±005 

-0-5,±0l 

0-9±0-3 


♦Calculated from the K absorption edge and \heKg^ .^ Ime. 


Sfiuvaev[6] claim 0*02 eV. With these limits 
of accuracy agreement with the present 
results is satisfactory except for TiC where 
our shift is markedly smaller in magnitude. 
The Ti Kai shift for TiO measured by 
Meisel[I6] is larger than those obtained by 
other investigators. 

For the shifts variations between 

different investigations are more dominant. 
On the whole, our measurements give shifts 
smaller in magnitude than those recorded by 
Chirkov et al.lS] and by Blokhin and Shuvaev 
[6]. Comparison with the reported band 
spectra are made later in this paper. In 
Soviet literature there is a tendency to try 
to decompose the emission band in a main 
peak Kft:, and one or several ‘satellites*, 
Kl^\ etc. In our view this nomenclature 
is confusing and hides the origin of the 
features which is found in the band structure 
and is in no way connected with ordinary 
X-ray satellites. We will therefore avoid this 
terminology as far as possible here. 

DISCUSSION 

Theory 

The literature on the electronic structure 
of transition metal carbides is extensive, and 
we will here only discuss a few theories of 
current interest. For a discussion of chemical 
bonding only the outer orbitals of the con- 
stituent atoms are of interest. For titanium we 
consider the 3t/ and the 4.? orbitals, for the 
non-metals the 2,v and 2p orbitals. The descrip- 


tion of the chemical bonding depends largely 
on the energetical ordering of these orbitals, 
especially the relation of the non-metal 2p 
orbitals to the metal 3d orbitals. Free atom 
Hartree-Fock calculations by dementi [17] 
give the carbon 2^ as the lowest one, and the 
metal 4.y as the highest one, while the carbon 
2p and titanium 3d are very similar in energy. 
One can therefore assume that the 4s orbitals, 
which are fully occupied in the ground stale, 
loose some of their electrons to the carbon 
2p orbitals, which in the free atom contain two 
out of six possible electrons. With this kind 
of redistribution of valence electrons electro- 
static fields emerge, and the atomic orbital 
energies are no longer a good measure of the 
ordering of the energy levels. To get further 
insight we will have to consider theoretical 
calculations on the materials themselves. 

The tight-binding approximation was used 
by Bilz[18]. who excluded the 2s orbitals, 
which were considered as fully occupied, and 
who obtained an electron distribution with 
titanium as electron donor. The same 
approach was used by Lye and Logothetis 
who parametrized it to make the results fit 
their measurements of optical properties [19|. 
The most marked difference from Bilz is the 
high energy of the carbon 2p orbitals which 
are largely unoccupied. Their picture of the 
electronic structure is thus opposite to the one 
obtained by Bilz[l8]. Calculations by the 
Augmented Plane Wave (APW) method have 
been performed by Ern and Switendick[20] 
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and more recently by Conklin and Silversmith 
[21]. These calculations do not attempt to 
interpret optical properties or other ‘finer 
details' in the electronic structure. On the 
other hand they are more firmly based on the 
Schrodinger equation than is the calculation 
by Lye and Logothetis. Conklin and Silver- 
smith present the first approximately self- 
consistent band calculation for TiC and 
Switendick has recently made a similar cal- 
culation for TiO[22]. These calculations are 
thus independent of the initial assumptions 
regarding the potential. It is noteworthy that 
all APW calculations show electron transfer 
from metal to non-metal and that the choice of 
potential influences the results only to a 
minor extent. 

Metallic titanium band calculations of a 
non-empirical nature by the cellular method 
have been performed by Allmann and 
Bradlcy[23]. Ihrce different potentials were 
used but so far no attempt at self-consistency 
has been made. The calculations are discussed 
further below in conjunction with the 
experiments. 

In the literature on the transition metal 
carbides numerous papers appear by 
Samsonov and coworkers who recently 
have discussed the ionic-covalent character 
with arguments based on Hund's rules for 
atoms [24]. It should be pointed out that the 
‘exchange forces’ which determine the 
electronic configurations of free atoms and 
molecules are an order of magnitude smaller 
than the electrostatic forces occurring in a 
(partially) ionic crystal. The theoretical work 
by Samsonov is thus of doubtful validity. 

The inner-electron levels of pure elements 
preserve their identities in chemical com- 
pounds. The observed energy shifts, which 
may be large chemically speaking, are small 
compared to the spacing between different 
levels in the same compound. Perturbation 
theory is thus applicable and (he measured 
shifts are to first order attributed to changes 
in the effective potential due to redistribution 
of valence electrons [25]. The transfer of a 


valence electron from one atom to another 
due to a partially ionic bond decreases the 
electrostatic potential experienced by core 
electrons on the first atom. This is the basis 
for the assignment of polarities from binding 
energy measurements. The same model is 
used for X-ray emission spectra from transi- 
tions between two core levels on the same 
atom. In that case contributions from other 
atoms to the effective potential cancel out 
for the two states, and the shift is attributed to 
the valence electron distribution only on the 
emitting atom. Calculations of free atoms in 
various stages of ionization may therefore 
help in the interpretation of chemical effects 
in X-ray emission spectra not involving outer 
electrons. Lindgren[26] calculated the shift 
in the Ka {Ip 1 5 ) transition energy due to 
one electron hole in various outer shells. He 
studied a series of atoms with 13 ^ Z ^ 36 
and used a Hartree-Fock-Slater method with 
an improved exchange approximation. The 
two slates involved were calculated separate- 
ly and the transition energy taken as the total 
energy difference between the two states. 
Interpolation in his results gives for the 
Ti Ka line a shift of + 0*08 eV for the loss of a 
4.V electron and ~-0*82eV for the loss of a 
3c/ electron. Thus, unles.s the observed shift is 
very small, 3c/clectrons dominate the chemical 
shift of the Ti Ka emission line. 

Further information on shifts of inner- 
electron levels can be obtained from 
dementi’s tables of Hartree-Fock calcula- 
tions[17]. These calculations do not include 
holes in inner shells and one has therefore 
to use Koopmans’ approximation to obtain 
the relevant information. The transitions are 
taken as differences between the appropriate 
orbital energies, and the various transitions 
obtained this way are given in Table 5. The 
general trends found by Lindgren for the Ka 
line are supported and the shifts agree fairly 
well. For the K^Hp-^ I 5 ) line the shift is 
found to be positive both on the removal of 
4^ and of 3c/ electrons. 

Experimental evidence in support of the 
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Table 5. Shifts in the emission lines 
for various ionized states of titanium 
calculated from Clementfs tables[ll] 
by Koopmans' approximation (eV) 


h’) AC/3,,;,(3p'^ 1j) 


Ti- T 

0-.53 

-O' 12 




Ti^ 4y23f/' ^0 

-0-79 

0*92 

TV 

0-96 

-0 13 

Ti*M,v"3d'’'F 

018 

0-29 


views presented here as to the cause of Ka 
chemical shifts in transition metal compounds 
are given by Meisel[ 1 6]. 

With binding energy shifts giving the direc- 
tion of the charge transfer in heteropolar 
compounds the Ka shifts thus give an indica- 
tion of which orbitals are involved in the 
process. We want to point out, however, that 
this perturbation approach is better the closer 
to the nucleus the core one-electron holes are 
located. The approach is thus inapplicable to 
transitions from the valence bands where the 
electron distribution is very different from that 
in free atoms. 

Core level shifts 

The K absorption edge energies in Table 2 
show that the metal Lv orbitals for the com- 
pounds are shifted toward higher binding 
energies. This indicates a loss of valence 
electrons to the non-metal, the \s orbitals of 
which are shifted toward smaller binding 
energies as found from the photoelectron 
spectra [2], A quantitative estimate of the 
charge transfer from the binding energy 
shifts is, however, likely to be somewhat un- 
certain since the Fermi level cannot be con- 
sidered fixed relative to vacuum in the various 
materials. The rigid band model of Bilz is in 
support of this. Transitions between core 
levels are, however, free from complications 
concerning the Fermi level. Table 3 shows 
that the metal Kaflp-^ \s) emission lines 
of the compounds are shifted towards lower 
energies relative to (he pure metal. In the 


interpretation of the previous section these 
shifts are attributed to a loss of 3d electrons 
from the metal. For the cubic compounds 
Tie, FiN, and TiO the results indicate that 
Ti is most positive for TiC, less so for TiN 
and TiO. 

The magnitude of the /Ca, shift for TiC, 
- 0-33 eV, represents in the light of Lindgren's 
and dementi’s calculations a loss of ()-3- 
0-5 Ti 3d electrons. This result is in agree- 
ment with the self-consistent band calculation 
by Conklin and Silversmith which gives a loss 
of less than one 3d electron[2l]. Also, the 
two Ti 4s electrons are transferred to carbon 
2p orbitals. Since these orbitals largely occupy 
the same region of space, the effect of this 
transfer on the Ka^ line is likely to be still 
smaller than theoretically predicted. 

For TiO the self-consistent APW calcula- 
tion by Switendick gives a 3d population 
approximately 0* 15 electrons larger than 
that obtained by the same method for TiC 
[22]. The free-ion calculations attribute a 
difference in the Ka^ energy of about 0- 12 eV 
from this result; the experimental difference 
is 0*24 eV. The shift of the TiO Ka^ line 
relative to metallic titanium is -0*09 eV. which 
according to the free ion model represents a 
charge transfer of 0- 1 -0-2 3d electrons. 
Accurate comparisons of the charge dis- 
tributions are hard to make due to the nature 
of the available data: the theoretical charges 
are estimated from the electron population 
within the titanium sphere with the free atom 
as reference while the experimental shifts 
are measured relative to titanium metal. 
Further theoretical work is apparently 
necessary, including self-consistent band 
calculations involving core levels and on the 
metal itself. Still, we want to stress that 
available self-consistent APW calculations 
give considerable support to our interpretation 
of the origin of the Ka^ shifts, 

The earlier APW calculations on TiC. 
TiN and TiO by Ern and Switendick [20] were 
not self-consistent and show deviations from 
the more recent accurate calculations and 
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are also in disagreement with the free ion 
model for core level shifts. The Ti M popula- 
tion for TiC was slightly larger than for the 
neutral titanium atom and decreased in the 
order TiC, TiN and TiO, leaving the latter as 
the most ionic compound of the three. Our 
work gives the reverse order. 

All APW calculations and also the localized 
molecular orbital model of Denkerf27J 
have an uppermost filled band of TiC consist- 
ing mainly of non-metal 2p orbitals with some 
admixture of metal }d. In TiN and TiO this 
band is more localized on the non-metal 
atoms in agreement with electronegativity 
rules. The additional electrons occupy 
anlibonding stales which are mainly I i ?>cL 
and the resultant charge distribution is 
determined by the balance between these two 
competing elfects which apparently is very 
sensitive to the choice of effective potential. 
Ihc density of states is on the other hand 
largely independent of this choice as is clear 
from the comparison in the following section. 

The results for d’iB. arc somewhat incon- 
clusive. The 1 i K shift is negative indicating 
a loss of ?>d electrons. The Ti K and Lni 
binding energies are, however, also shifted 
towards lower energies, although the accuracy 
of this result is rather low. The two most 
accurate measurements, the A'a, line and the 
binding energy measured by electron 
spectroscopy, give results completely in 
line with those for other compounds. It 
therefore appears safe to conclude that Ti 
lacks electrons also in TiB) and that some of 
these electrons are lost from Ti }d orbitals. 
The same reasoning applies to TiC , >7 where 
wc conclude from the A'a, line and Cm binding 
energy measured by electron spectroscopy 
that fi is positive though less so than in 
ric, 0. 

It is observed from fable 4 that the direc- 
tion of the shift in all cases follows that 
of the /Ctt, shift. This is in contradiction to the 
results tif the free ion model. The 
{3p) binding energy for titanium is 33*5 eV 
[14| and the separation of this state from the 


non-metal 2^ band in TiC, TiN and TiO is in 
this investigation 23*9, 17*4 and 13-7 eV, 
respectively. These energy differences are 
apparently too small to safely neglect the 
mixing of Ti 3p with the non-metal valence 
bands compared to the effective electrostatic 
interaction caused by the redistribution of 
valence electrons. Such a neglect is necessary 
in order to apply the free ion model. That the 
Ti 3p band is not completely localized in 
TiC is also indicated by the band width of 
()’4eV obtained for this band by Conklin and 
Silversmith[21]. 

Band structure 

Ti. Figure 1 shows the results of absorption 
and emission measurements on metallic 
titanium. The emission band of Nemnonov 
and Kolobova[ 8 ] is in agreement with ours 
while their absorption spectrum has an 
absorption maximum near the edge not seen 
in the present investigation. Furthermore, 
they report a low density of stales at the Fermi 
level in contrast to the present result. 

The band calculations by Altinann and 
Bradley [2 3] are not self-consistent; instead, 
results of three different potential fields are 
given. The density of states from two of these 
(in Altmann and Bradley’s notation Ti3 and 
Ti4) are reproduced in Fig. 1. The third 
choice, Ti2, gives a maximum in the density 
of states more than 4eV below the Fermi 
level. This does not agree very well with the 
present results. As discussed by Altmann and 
Bradley, Ti3 is in agreement with experimen- 
tal heat capacity data and with the band width 
as determined from soft X-ray measurements. 

The experimental K emission band shows 
a considerable broadening on the low energy 
side, reaching some 10 eV from the main 
peak. It is generally assumed that this broad- 
ening, which is present in all X-ray band 
spectra, is produced by an Auger process 
within the band [28]. Due to this broadening, 
as well as to the transition probability func- 
tion and the inner level smearing, an accurate 
determination of the band width is difficult 
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to obtain from X-ray band spectra. As the 
totality of the mentioned effects in general 
increase the width of the emission band, the 
present results may be in better agreement 
with a narrower band width than that obtained 
from Ti3, one very likely intermediate 
between Ti3 and Ti4. 

TiC. The corrected emission and absorption 
spectra of TiC and TiCo.? in Figs. 2 and 3 
show that the density of slates at the Fermi 
level is low. The same conclusion is drawn 
from a comparison of the carbon K emission 
band and the photoelectron spectra in 



compared with theoretical dcnsity-of-siales^ histograms 
(rt) by Frn and Swilendickt2()J and ib) by ('onkhn and 
Siiversmilhl2ll. For explanation see Lig. L 


various transition metal carbides [2]. As 
shown by Fig. 2 the shape of the emission 
bands is in good agreement with the density 
of states from self-consistent as well as non- 
self-consistent APW calculations[20~22]. 
With the C K binding energy determined by 
pholoelectron spectroscopy, the peak of the 
C K emission band in TiC measured by 
Holliday agrees well with the main peak of 
the present band[3]. This is in support of the 
Clp character of the valence band. The low 
energy peak (often referred to as Kfi") is 
identified as the cross transition from the 
non-metal 2.s’ level to Ti \s. This transition is 
not found in the CK emission band in TiC, in 
full agreement with the selection rules, see 
Fig. 4. The Ti Lj].n] band also studied by 
Holliday has a structure approximately at the 
position of the C 25 band but cannot be used 
to further verify the present results. The main 
reason is that the relative intensity of the 
Ln and bands is unknown, and a resolution 
of the bands, therefore impossible. 

The band calculation of Lye and Logothetis 
[ 1 9] also has a peak in the density of states on 
the low energy side of the valence bands 
attributed to C2\. On the other hand, their 
calculated density of stales shows many more 
irregularities closer to the Fermi level and is 
somewhat higher at this level, which does 
not agree so well with the experiments. Most 
important is, however, that the polarity of 



Fig. 3. K absorption spectrum and emission band for l iC',,: For explana- 
tion see Fig. I 
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Fig 4 Comparison of experimental and theoretical inves- 
tigations of the hand Ntruciurc of Ti(’. («) the carbon 
K emission band after Holliday [ 3 ], ih) carbon 1 a photo- 
electron spectrum[21, (r ) the Ti K emission band (present 
investigation) and id) the theoretical density of stales 
histogram after Fm and Swilendickl20|, 

their charge distribution is opposite to the 
result of the present experiments, and to the 
electron spectroscopy studies. Though Lye 
and Logothetis claim better agreement with 
optical properties than obtained from APW 
calculations we contend that the evidence 
from the core levels cannot be overruled. The 
calculation by Bilz[li^L is, as pointed out 
previously, in agreement with the experimen- 
tally determined polarity, but the neglect of 
C 2 .V levels makes the results of less interest 
here. 

A comparison of the areas of the resolved 
K emission band and the emission line 
was made for TiC^ o ‘>nd I'iCo 7 . The result is 

Area of K band _ |0-()33 ± 0-003 for i iC,, 7 
Area of line “ lo-05()± 0-003 forTiC, o- 

The area of the emission band has increased 
with the increase of carbon content. Figures 
2 and 3 show that the main change is due to 
an increase of the low energy peak thus 
further supporting the carbon character of the 
corresponding band. 

TiN, TiO and TiB,. TiN and TiO have the 
same crystal structure as T\C and also a 
similar band spectrum. The density of states 
histograms of Ern and Swilendick agree well 
with the recorded spectra. Figs. 3 and 6 . 



ENERGY 


Fig. 5. K absorption spectrum and emission band for 
TiN compared to theoretical density of states histogram 
by Ern and Switendick[201. For explanation see Fig. 1 . 



Fig. 6. K absorption spectrum and emission band lor l iO 
compared to theoretical density of slates hislogiani by 
Frn and Swilendick [20]. For explanation see Fig. 1. 

For TiB^ no theoretical band calculation has 
been found. The band spectra for these com- 
pounds by Nemnonov and Kolobova [7] and 
by Chirkov, Blokhin and Vainshtein[3] are in 
qualitative agreement with the present results. 
In addition to the low energy (2.y) peak a 
structure on the high energy side of the main 
peak appears for TiN and TiO accompanied 
by an increased density of states at the 
Fermi level compared to TiC. In the light of 
the APW calculations and the Kai shift 
measurements this is attributed to the in- 
creasing occupancy of the Ti }d states in 
these compounds. 
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The TiB^ band spectrum in Fig. 7 is very 
close to that for TiC although with a less 
pronounced low energy peak. 



ENERGY 

Fig. 7 K absorption spectrum and emission band for 1 iBj. 

For explanation see Fig. 1 . 

CONCLUSIONS 

Shifts of the titanium K absorption edge 
and of the Ka^ line in TiC, TiN and TiO 
relative to the pure metal show that the 
electron transfer in these compounds is from 
metal to non-metal, and that the occupancy 
of 3c/ states is less in the compounds than in 
the metal. The charge transfer is largest for 
TiC, less for TiN and TiO. The magnitude of 
the charge transfer, 0-3-0-5 electrons for 
TiC, 0'l-0-2 3J electrons for TiO, is in 
agreement with self-consistent APW cal- 
culations for these materials. Agreement with 
APW calculations for TiC, TiN and TiO is 
good with regard to the shape of the density 
of slates. 

The electron spectra recorded for the same 
compounds by Ramqvist, Hamrin et al.[2] 
are consistent with the present results as are 
the carbon K emission band spectra of 
Hollidayl3]. 

For titanium metal, the agreement with 
the calculated density of states for the 
valence bands is satisfactory. 

Non-empirical electron energy band cal- 
culations by the APW and cellular methods 
thus appear to give sufficient information to 
explain the X-ray and electron spectra of the 
investigated compounds. 

Thankii are due to Dr, J. B. Conklin, 
Jr, and Dr. A. C Swilendick for information about their 
calculations prior to publication. This work was partially 


supported by the Swedish Natural Science Research 
Council and the Air Force Office of Scientific Research 
(OSR) through the Eurpocan Office of Aerospace 
Research (OAR), United Stales Air Force under Grant 
AF EOAR 67-50 to the Quantum Chemistry Group. 
Uppsala University. 

REFERENCES 

L RAMQVIST L, Jernkont. Annir. 153, In press 
(1969). 

2. RAMQVIST L., HAMRIN K,, JOHANSSON G., 
FAHLMAN A. and NORDLING C, / Phys, 

30, 1835(1969). 

3. HOLLI DA Y J. E., J. appl. Phys. 38. 4720 ( 1 967). 

4. VAINSHTEIN E. E. and CHIRKOV V. L. DoU. 
Akad. Nauk SSSR 145, 1031 (1962), iransl. Soviet 
Phys. DoU 7,724(1963). 

5. CHIRKOV V. L, BLOKHIN S. M. and 
VAINSHTEIN E. E., Fk. Tverd. Tela 9, 1116 
( 1 967); transl. Soviet Phys. solid St. 9, 873 (1967). 

6. BLOKHIN M. A. and SHUVAEV A T.. izv. 
Akad. Nauk SSSR, ser, fiz. 26. 429 (1962): transl, 
Hull. Acad. Sci. USSR, Phys. Ser. 26. 429 (1963) 

7. NEMNONOV S. A. and KOLOBOVA K. M., Fiz. 
metal, metalloved. 22, 680 (1966); transl. Physics 
Metals Metallof^r. 22, 36 (1966). 

8. NEMNONOV S, A. and KOLOBOVA K. M. 
Fiz. metal, metalloved. 21, 476 (1966), transl, 
Physics Metals Metallogr. 21, 168(1966) 

9. RAMQWSJ L Jernkont. Annir. 152.517(1968). 

1 0 Scand. Steel Metal News 4, 7 ( 1 968). 

II. WROFORS B., Ark. Fys. 19.259(1961). 

12 NORELAND E. and EKSTIG B., Ark. Fys. 26. 
161 (1963). 

13. EKSTIG B.. To be published. 

14. BEARDEN J. A. and BURR A F . Atomic Energy 
Levels. U.S. Atomic Energy Commission, NYO- 
2543- 1 . Oak Ridge, Tenn. ( 1 965). 

15. BEARDEN J A.. X-Rav Wave Lengths. U.S. 
Atomic Energy Commission. NYO- 10586. Oak 
Ridge, Tenn. (1964). 

16. MElSEL A., In Rontgenspektren and Chemische 
Bindung (Edited by A. Meisel). p 212 VEB Repro- 
color, Leipzig(1966). 

17. Cl EMENTI E.. IBM Jl. Res. Dee. 9. 2 (1965), 
suppL 

18. BILZH.,Z.P/i}’s. 153, 338 (1958) 

19. LYE R G. and LOGOTHETIS E M. Phys. 
Rev 147.622(1966). 

20. ERN V and SWITENDICK A. C.. Phvs. Rev. 
137.AI927{I965). 

21. CONKEIN J. B.. Jr. and SILVERSMITH D. J. 
Bull. Am. phys. Soc. 12, 416 (1967): Inf. J. Quantum 
r/iem.25,243(!968). 

22. SWITENDICK A. C., Private communication. 

23. ALTMANN S. L. and BRADLEY C J.. Proc. 
Myi.5oc. 92. 764 (1967). 

24 SAMSONOV G. V,. Poroshkovaya metall Ukr 
SSR 12 (48), 49 (1966), PRYADKO Y F,, ihid. 
12 (48), 6! (1966); KUCHMA A Ya. and 
SAMSONOV G. V.. Neorg. mat. 2, 1970 (1966); 
Earlier work by this group of qualitative nature is 



1860 


L. RAMQVIST et ai 


collected in SAMSONOV G V.. Refractory 
Transit ion Metal Compounds. Academic Press, 
New York (1964), 

25. See eg. MANNE R., J. chem. Phys. 46, 464.*! 
(1967) 

26, UN DG REN 1. , In Rontffenspekfren and C hemes the 


Bindung (Edited by A. Meisel), p.l82. VEB 
Reprocolor, Leipzig (1966). 

27. DENKER S. P.. J. Less-common Metals 14, I 
(1968). 

28. PIRENNE J. and LONGE P., Physica 30, 277 
(1964). 



J.Phys.Chem. Solids Pergamon Press 1969. Vol. 30, pp 1861-1871 Printed in Great Britain 


SPACE CHARGE LIMITED CURRENTS IN P-N 
JUNCTIONS 

A. TARONI 

University of Modena. Italy 

and 

G. ZANARINI 
University of Bologna, Italy 

(Rifieived li^November 1968) 

Abstract -The system of partial differential equations which describes the motion of charge earners 
inside the space charge region of an inversely biased junction is numerically solved, taking into 
account the influence of the density of electron-hole pairs on the electric field. 

It IS shown that there are remarkable variations in the theoretically predicted current signals when 
the density is raised Particularly interesting is the appearance of a peak closely resembling the one 
predicted by the theory of SCL currents in insulators. The lime position of the above mentioned peak 
is not influenced by diffusion (at least when a realistic order of magnitude is considered for the diffusion 
term). 

These theoretical previsions could be very useful in th? study of charge transport in semiconductors 
at low fields 


INTRODUCTION 

Many papers have been written on the 
collection of charge carriers generated inside 
the depletion region of a p-n junction by 
ionizing radiations [I -3). The density of the 
generated electron-hole pairs, however, was 
always supposed to be so low as to give rise, 
at most, to a small perturbation of the electric 
field inside the junction. 

In this paper a more general approach to the 
collection problem is presented. It leads to the 
numerical solution of the system of partial 
diflFerential equations (continuity equations 
and Poisson’s equation) which describes the 
motion of charge carriers inside the depletion 
region. The assumption is made throughout 
this paper that these processes can be 
adequately described by means of one space 
variable only"*^. 


*This assumption is certainly valid when the ionizing 
radiation impinges on a sufficiently large surface, so that 
transverse diffusion (i.e. diffusion normal to the electric 
field direction) can be disregarded, This can be the case 
with a burst of electrons, with a short low-penetration 
light flash, or also with a burst of ions. 


This approach takes into account in an exact 
way the non linear effects due to the density 
of the created pairs. It permits then to study 
the dependence of the current signal on this 
parameter (besides, obviously, the dependence 
on the electric field and on the range of the 
ionizing radiation). 

It will be shown that the shape and the time 
characteristics of the current pulses are 
strongly dependent on the initial density of the 
created pairs. Particularly interesting is the 
appearance, at moderately high densities, of 
a peak closely resembling the one predicted 
in the theory of SCL currents in insulators 
[4-6]. 

This result was never obtained before for 
p-n junctions, and it could be very useful in 
the study of charge transport in semicon- 
ductors at low fields. 

Finally, the influence of diffusion on the 
results will be discussed. 

STATEMENT OF THE PROBLEM 

Let us consider a p-n junction where the 
p-type material is much more heavily doped 
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than the n-lype material. When a reverse 
bias voltage is applied to the junction, the 
space charge region then extends essentially 
in the ;i-type material (this is also the case of 
a Schottky junction made on «-type material) 
[7J- 

A short range ionizing radiation sent through 
the junctiont into the space charge region 
gives rise to a distribution of e-h pairs. These 
pairs are then collected by the electrodes 
owing to the electric field inside the space 
charge region. The electric field, however, 
depends (through Poisson’s equation) not 
only on the external bias voltage and the 
ionized donors density inside the space charge 
region, but also on the density of the carriers 
to be collected. The motion of the carriers 
inside the space charge region then obeys a 
system of non linear partial differential equa- 
tions (the continuity equations and Poisson’s 
equation). 

Let us suppose to neglect direct recombina- 
tion and trapping phenomena and consider, 
as previously stated, the uni-dimensional case; 
let LIS also suppose mobilities to be indepen- 
dent on the electric field. The influence of 
dilfusion is for now disregarded and will be 
discussed in a following section. 

Under these assumptions, the system of 
dilfcrential equations is written (7 1: 


(in 

iV 

^IP 

dt 




()n , 
d V 




'dp dE 
E— f p~ 


(I) 


«(^,o)-/w 

PU,0)=/(JC) (2) 

£U,0) 

e w 

The function/(x) is determined by the specific 
energy loss of the incident radiation*. The 
initial condition on the electric field contains 
the term only when the applied 

voltage is higher than the depletion voltage. 

The boundary conditions on f 7 (j, /) and 
p(a. /) are 

«(-v, r) = 0 forjr < 0 and jc > vr 

(3) 

p(xj) - 0 for jc < Oand jc > w. 

The boundary condition on the electric field 
will be found under a ‘short circuit’ assump- 
tion, i.e. assuming the voltage across the 
junction to be independent of the time and 
equal to the bias voltage. This is a very good 
approximation when the Junction is connected 
to a circuit with a low input impedance, which 
is the case when observing the current signal 
[ 9 |. 

Performing a first integration of Poisson’s 
equation, we have 

E{x) = - I (Nfi^\-p-n) d^^EiO) 

C Jy 

= -N,fX-h-[ (p-/i) d(-hElO). 
Integrating again between 0 and h-: 


3x 


~ yV,/) 


where .v is the space variable (normal to the 
electrodes) with origin on the junction. 

The initial conditions are 





€ 



(p~n) ckrf £'(0)vi’ 


Ilf ihe lonixing radiiilion is sent through the opposite 
side v>r the space charge region extends in the ^-type 
matenul. there are only minor changes to introduce in the 
statement of the problem. 


“^For the purpose of numerical computation the 
expression j (j:) = was assumed[8], where A 

IS a constant and R is the range of the ionizing radiation. 
The shape of the initial distribution, however, has only 
a weak influence on the results 
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whence 

E{0) 


qN„w 


I r 

= -J 

-kiy-.,.. 


r£Wck = -K„ 


and therefore 


£{ 0 )= — -- 


V„ qN,w 1 


R’ 2e 


1 r f 

(p-n 

M’e Jo Jo 


£( 0 ,/) = 


qyi’ 


N„+: 
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f I (p-n) 

0 •'0 


dr 


K-Ki 


Let us now introduce normalized variables, 
as follows: 

x' = x/w; t' = //To; E' = 


t « t P 
=ir P =; 


with: 

^0- 


1 




iq(Ji.N,k)^ (qN,yi2ey 


dn' _ dn' , clE' 


a/ 


' \ ajr' ' a^7 




The system ( 1 ) becomes 


a£' 


7=1 + ip’ -n') 


On the other hand, the 'short circuit’ condition 
implies that 


)df djc. 


Remembering that* T,/- {qN.iw'^lle) we can 
at last write 


dx 

with the initial conditions 

n'{x\0)=fix^) 
p'{x\0) =f(x') 

and the boundary conditions 

n'(ji:Lr')=0 for ;c' < 0 and jt' > 1 
p'{x\t') =0 for x' < Oandx' > 1 


( 6 ) 


£'(0, r)=- 


(4) 


n 

1^,' ~N„ 


R 

P-e’ 


"^We introduce here the assumption that the 'built in' 
voltage be negligible with respect to the total depletion 
voltage. 


[ [ ip'-n')d^dx'. (7) 

•t 0 0 


The difficult mathematical problem of solv- 
ing the above system was transformed into 
the much simpler problem of solving a system 
of finite difference equations. These difference 
equations were obtained from the previous 
ones by substituting the time and space deriva- 
tives with their linear difference analogs. The 
width of the space charge region was divided 
into a large number of intervals (from 100 to 
400, according to the range of the ionizing 
radiation) and the time step was chosen 
according to the rapidity of variation of the 
various quantities. Wc reduced them to a 
system of only two difference equations by 
solving Poisson's equation and substituting 
the so obtained expression of the electric 
field into the continuity equations. It was then 
possible in this way to obtain the charge 
densities and the electric field as functions of 
x' and 
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The current density due to the motion of 
carriers inside the space charge region has the 
expression 


In this work we shall limit ourselves to ^4 = 
0'33, which corresponds to ambient tem- 
perature [7]. 


(H) 

where is the conduction current density and 
J,i is the displacement current density. Sub- 
stituting the familiar expressions forJ^. and 
into ( 8 ), we have 






dt' 


Integrating this expression on the space vari- 
able X between 0 and vv and remembering that, 
by definition, J does not depend on .v, we have 





dt 


'W 


E±x 


By Virtue of the 'short circuit' assumption: 


J(t) I + 
w J i, 

Introducing normalized variables: 


./(n 


{/%.N,rw r 
f Jo 


(/i' 4- )£'d.r' 


w'hence, if,/(, = have: 

y '(/) ^y(o/y,i- in ^ RiP')ty±x'. ( 9 ) 

Having wrillen the system of equations in 
normalized form, we are in a position to obtain 
results of general validity as functions of the 
following dimensionless parameters: — 

ratio between range of ionizing radiation and 
space charge region width: £ 2 =^ ratio be- 
tween average density of carriers generated 
at the initial instant by the ionizing radiation 
and ionized donors density inside the de- 
pletion region; /?;,= ratio between external 
bias voltage and depletion voltage; R 4 = ratio 
between hole and electron mobilities. 


DISCUSSION OF RESULTS 

Figures I and 2 show the increasing impor- 
tance of the modification of the electric field 
by the ionized pairs when their initial density 
is raised. The only difference between the 
two situations is the value of R 2 . while /?, and 
R, are held fixed (£, = 0-2, /?, = 5). 

It is easily seen that the separation of 
electrons from holes takes place more slowly 
when the initial density is higher, owing to the 
increasing influence on the electric field of the 
charges which, when separation begins, are no 
more neutralized by charges of opposite sign. 
In particular, when the initial density is suffi- 
ciently high, charge collection takes place 
through a slow erosion of the ionized region. 

The shape and the time characteristics of 
the current signals are strongly dependent on 
the initial density of cicctron-hole pairs. 
Figures 3 and 4 show the normalized current 
signals corresponding to two different 
ionizing radiation ranges, two different applied 
voltages and various initial densities. 

The most important feature in these current 
signals is the peak which appears at moderately 
high densities and becomes more and more 
evident when the initial density is raised. Its 
time position /,>, however, as it can be seen in 
Figs. 3 and 4, does not depend on density, 
but only on electric field and ionizing radiation 
range. This dependence is shown in Fig. 5. 

This peak very closely resembles the one 
predicted by the theory of SCL currents in 
insulators [4, 6 ]. It is to be noted, in particular, 
that when the ionizing radiation range goes to 
zero the time raises to the value predicted by 
the above mentioned theory, i.e. 0 - 8 /,, 
where is the electron transit time through the 
space charge region. We have, in fad: 
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Fig. 3. Normalized current density as a function of time in a p-n junction for two different applied volt- 
ages, various initial densities and - 01. 


/?j-2 



/?, - 0-2 /?3 - 5 



Fig. 4. Normalized current density as a function of time in a p-n junction for two different applied volt- 
ages, various initial densities and /?i = 0 2. 













1870 


A, TARONI and G. ZANARINI 


/?, • 0-2 Rj - 3 



R^=0-3 Rj-5 C^~ld‘ 



hig. 7 Normalized current density as a function of lime in 
a p~fi junction for two different values of initial densities 
With - 0- 1, ^3 - 2 and 5. C\i - lO ^. 

interest of our theoretical previsions, which 
also suggest the possibility of obtaining similar 
results by sending suitable ionizing radiations 
on a reverse biased p-w junction. 

These theoretical previsions could then be 
remarkably useful for the design and inter- 
pretation of experiments on SCL currents. By 
means of experiments of this kind it would be 
possible to evaluate charge transport coeffi- 
cients in semiconductors also at low electric 
fields, where difficulties arise with usual 
methods [1 1, 12], using the same philosophy of 
the classical experiments on insulators[13-l5]. 


NOTATION 

C,i normalized diffusion coefficient 
1),. electron diffusion constant, m^ sec"’ 

E electric field, V m^' 

K Boltzmann's constant, J 
J current density, A m'^ 

conduction current density, A m”^ 

Jfi displacement current density, A m*^ 
n density of electrons generated by 
ionizing radiation, m ^*’’ 


Nd ionized donor density, m"® 
p density of holes generated by ionizing 
radiation, m''^ 
q electronic charge, C 
R range of ionizing radiation, m 
Ri ratio between range of ionizing radiation 
and space charge region width 
^^2 ratio between average density of carriers 
generated by ionizing radiation and 
ionized donors density inside the 
depletion region 

Ri ratio between external bias voltage and 
depletion voltage 

/?4 ratio between hole and electron mobilities 
to time position of the peak in current 
signals, sec 

tt electron transit time through the space 
charge region, sec 
T absolute temperature, 

Va bias voltage, V 
depletion voltage, V 
e dielectric constant, F m“’ 
electron mobility, V“’ see"’ 

Ph hole mobility, m^ V"’ sec"’ 
p resistivity, ft m 
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Abstract -The wave functions and energy levels of an electron in a periodic potential and a uniform 
magnetic field are found by means of a modified perturbation theory. 

The expansion functions for these generalized Bloch wave functions are products of the field-free 
Bloch wave function and the Landau wave function for a free electron in a magnetic field. 

The formalism should facilitate calculations for which the effective mass formalism is not suitable. 


such as those involving interband matrix elements. 

1. INTRODUCTION 

The problem of determining the wave 
function for an electron in a magnetic field 
moving in a periodic potential -the crystal 
potential -has been treated by several authors 
from various points of view. The importance 
of this question is immediately obvious when 
we consider the role played by the Fermi sur- 
face in present theory, and that the shape of 
the Fermi surface is often determined experi- 
mentally by methods which depend upon the 
use of a strong magnetic field. Two main 
avenues have been followed in the investiga- 
tion of the Bloch electrons in a magnetic 
field. Some authors have considered the 
translational properties in the presence of the 
magnetic field[l], while others have pursued 
the effective Hamiltonian approach [2-6]. 

A review of the earlier literature may be 
found in the paper by Kohn[2] who dis- 
cusses the different approximations made in 
these earlier theories. Kohn has derived an 
effective single-band Hamiltonian with cor- 
responding basis functions, but has not 
diagonalized the Hamiltonian nor discussed 
the resulting energy levels or wave functions. 
It should be acknowledged that the para- 
graph commencing Section 1.3 of this paper. 


tThe research reported in this paper has been spon- 
sored by the National Research Council of Canada. 


which concerns the effect of even very weak 
magnetic fields, indirectly stimulated the ap- 
proach to be followed here. In brief, the ob- 
jection to using perturbation theory is simply 
that the terms considered as a. perturbation 
involve the coordinates. One cannot, therefore, 
use basis functions which are indefinitely 
extended in space, as are plane waves and 
the Bloch wave functions. We have circum- 
vented this difficulty by using functions which 
involve the harmonic oscillator functions. 
These are relatively short-ranged in addition 
to aiding naturally to describe the response 
of the system to the magnetic field. 

Blount [3] has developed a formalism which 
simplifies Kohn’s derivation of the effective 
Hamiltonian. Spin-orbit effects are included, 
but the expansion is again to various orders 
in the magnetic field. The effective Hamil- 
tonian is also derived by Roth [4] and by 
Wannier and Fredkin[5] who simplify the 
theory while approaching the same problem 
from different points of view. As has been 
pointed out by Chambers [6], it is often useful 
to have an explicit expression for the wave 
function of the electron, and this is not 
available from the previous treatments. In 
fact, no reported method produces a simple 
useful expression for the wave function, 
analogous to the expression for the Bloch 
wave function itself as the product of the 
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free electron wave function exp (/ Rt) times 
a periodic modulating function ^ (r), 

It is true that many authors [7] have used 
the result of the elfective mass, or effective 
Hamiltonian theory, as extended by Luttinger 
and Kohn[8J, and used the wave function 
F{r)U„f,{f) with F{r) satisfying the effective 
Schrodinger equation 

{elfic)Mr)]}F{r)^EF(r), 

The energy in the region of the band mini- 
mum is given by 

E ^E,,^(N^\)( vf\ Im ( 1 ) 

with An* the effective mass, and the eigenfunc- 
tion is equivalent to the basis function to be 
introduced in Section 2. However, these re- 
sults are severely limited. In particular, the 
derived wave functions should not be used if 
inlerband matrix elements [9] are to be taken, 
nor arc they easily extended to non-parabolic 
bands. 

Moreover, as indicated by McLean[10], 
the variation of the wave function for high 
Landau states becomes very rapid and the 
effective mass approximation cannot then be 
used. 

The purpose of this paper is to develop an 
improvement to the effective mass wave 
function currently in use. The wave function 
for a Bloch electron in a magnetic field is ob- 
tained as a series expansion 

2 a vH k,(r) 
n,\ 

where the functions (r) are discussed in 
Section 2. In Section 3 a perturbation ap- 
proach is taken to the evaluation of the 
coefficients in the expansion. 

Although the splitting of the Hamiltonian is 
here dependent upon which basis function is 
the operand, the standard results of perturba- 
tion theory are seen to be valid. The results 
are only taken to second order, but could be 
extended to any order, if necessary. 


In Section 4 the resulting wave functions 
are shown to form an orthonomaJ set (to 
second order). This of course is merely a 
confirmation of the results obtained by means 
of the perturbation method. 

The formalism is applicable to semiconduc- 
tors and may be extended to metals when 
magnetic breakdown does not occur, when 
there is no significant coupling between orbits. 

2. THE BASIS FUNCTIONS 

We seek a solution of the steady slate 
Schrodinger equation for a single electron 
moving in a periodic potential in the presence 
of a uniform magnetic field of magnitude H in 
the direction which we wish to consider as 
the Z-axis. The Hamiltonian ^ for an elec- 
tron of mass m and charge -e is then given by 

where K(r) is the periodic potential, and A is 
the vector potential associated with the 
uniform magnetic field H, given by 

A-iHXr. (3) 

The physical periodicity of the crystal is 
unaltered by the presence of the magnetic 
field. We assume the usual boundary condi- 
tions, namely periodicity of a large box 
of volume V, with linear dimensions 

The Schrodinger equation corresponding 
to (2) is 

The wave function ^ is to be expanded in 
terms of the set of basis functions (r) 

which are defined as follows: 

// 

<»•) =" (y) e'\ ^ 

( 5 ) 
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where = (o, /c^), restricted to the first 

Brillouin Zone, and Unir) = w„^(r) is the 
periodic part of the Bloch wave function, 
defined by 

<#>nk(r) = (K)“^/2^„fc(r)exp(/kT) (6) 

for k == 0, and 

A?,(x) = (7) 

are the harmonic oscillator functions centered 
for the energy levels specified by the 
integer N, The quantity \= {chleHy^ has 
dimensions of length and is the radius of the 
first cyclotron orbit. 

These functions satisfy the following equa- 
tions: 

-h^l2mVW„(T)-\-V{r)U„(r) = €„ot/„(r) (8) 

where is the energy of the n th Bloch band 
at k = 0, and 



(9) 

where the cyclotron frequency cd^ is 

defined by 

cDc = eHjmc = h/mk^ 

(10) 

and the energy of the Nih Landau [1 1] level 
is 

£^= (/V + i)0a).. 

(11) 

These functions satisfy the following ortho- 
gonality relations: 

V-' j dhUAr)U„{r)= 8„„ 

(12) 

and 


/ dxAl{x)\^,'^(x)^8^^'. 

(13) 


complete orlhonormal set, subject to the 
approximation discussed below. We consider 
the orthogonality integral 

= (L,/l/)Jd^expf/(k,-kl)T]t;„,(r)t/„(r) 
XA{:'WA^_(jt). (14) 

Define qj^ by the relation and 

Fourier-analyze the product function 

A''^{x)\\{x) - P^,X(4 

= 2 (qi) e\p[-iq^] (15) 

so that upon substitution into equation (14) we 
obtain 

I = (UV) 2 P^J (q^) f d^r exp[-/q • r] 
xUArWM (16) 

We now make use of the periodicity of the 
functions Unit) and write within the integral 
r = r' + R„ where R„ is a translation vector of 
the lattice joining the point r to the corres- 
ponding point r' within an arbitrarily chosen 
fundamental unit cell of the crystal. The 
integral over the crystal can now be written as 
the sum of integrals over the unit cell, and we 
obtain 

i = (UV)lPl'^, (^.)2exp[-/q-R„] 

X j dV' exph/q • r']Un>(t')U„(r') 

0 

= {L,IV)l p;7 (q,)N &,0 jdVUAr')U„{r') 

= (LJV)P>‘;i {0)8^ ,jdWAT)U„[r) 

= S„-„ 6 , J(b:P",X(x) 

or 


The basis functions so defined form a 


(r)l/>^^ (r) = 


(17) 
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where we have made use of the inverse trans- 
formation to equation (15), as well as the 
orthogonality and normalization of both the 
Bloch wave functions and the oscillator 
functions. 

To obtain the above result, we have kept 
only the dominant term in the expression. The 
other terms will now be considered. The sum 

2 exp(/q-R„)=^NA.,„ (18) 

where is a crystalline S-function which 
vanishes unless q = where K,, is a vector 
of the reciprocal lattice, in which case it is 
unity [4]. In order to obtain equation (17) 
we have considered only the term with q = 0 . 
The other terms, corresponding to values q — 
<h ^ give values which depend upon 
the value of 

' |d-vexp|/0,rA:lA'^"(.v)A'',_(jf). 

We restrict q^, to the value zero since it, by 
definition, must be within the first Brillouin 
zone. There is no such restriction on q^. since 
It arises from the Fourier expansion. 

Integrals of this type have been considered 
in Appendix with the result that 

exp[-/\^yAlCA',v(y.) 

where the can be related to the asso- 

ciated Laguerre polynomials, as is seen in the 
equations (A. 7), Thus the function 
related to the radial dependence of the hydro- 
gen atom wave function. Using the notation of 
Slater|12| where these arc denoted by /\/(r) 
with the normalization 

/ 1 

we have, apart from constant and oscillating 
factors, 

where and we have made the 


correspondence N = « + /, and N'-N = 

2 /+ 1 , 

Moreover, the maximum value of N is 
restricted by the maximum energy attainable 
by the particles, as governed by an equation 
similar to equation ( 1 ). 

The value of ^ for representative crystals is 
seen to be a significant factor greater than the 
maximum value of N. For energy dilference of 
10 eV and lattice spacing 2 A, for lowest 
value of Qj and mim* = 10 , we find that the 
ratio is about 50:1. Thus, for the lowest value 
of ^ concerned we are still far beyond the 
significant region of the wave function. More- 
over, we also have the factor which 

decreases the value even further. We conclude 
that the equation (17) holds and that the basis 
functions do form an orthonormal set. Their 
orthogonality is assumed when they are 
taken as the eigenfunctions of the effective 
Hamiltonian [7J. 

It is shown in Appendix C that these func- 
tions form a complete set, with the sum over 
N going up to /V = 00 . 

The previous argument may not be valid for 
much larger values of /V, but the departure 
from orthogonality would occur only when the 
difference — A ' is small. We will proceed as 
if all the basis functions are orthogonal, with 
the following justification. 

One of the results of Section 3 is that the 
coefficients corresponding to these larger 
values of N are of no interest, being negligible. 
Formally, a Schmidt orthogonalization could 
be carried out, mixing the higher values of N. 
This would then alter the higher coefficients, 
but these will never enter into a calculation. 

3. PERTURBATION APPROACH 

We will now investigate the result of opera- 
ting with the Hamiltonian on the basis function 
0 ^ 1 , (r) defined by equation (5). This function 
involves some magnetic field dependence in 
addition to a modulating factor with the 
periodicity of the crystal lattice. It is the com- 
bination of these two properties which will 
enable us to fruitfully expand the eigenfunc- 
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lions of the Hamiltonian in terms of this set of 
basis functions. 

Since the magnetic field is assumed to act in 
the Z-direction the Hamiltonian becomes, 
upon combining equations (2) and (3); 



+ (19) 

The exponentials can be passed through the 
operator and we obtain 

(>•) = 

r ieH xy 

xTW„,(r)Al{x} (20) 

where 

mo}f.xyi2m^ Vir) 

- ih'^lm{kj,Bldy + k^^dldz) - ihojcXdlHy 

( 21 ) 

We now make use of the defining relations (8) 
and (9) to obtain: 


and 

(1 

fi^ W,{r)d\l{x} 
m dx djc 

--A*yAr)k,-Vf/„(r) 

-ifiWrxAlJx) > (25) 

Although the Hamiltonian does not 

actually separate into these two parts until it 
operates on the function (r), equations 

(23-25) can still be used in a modified form of 
perturbation theory. This is shown below, 
where it is seen that the dependence of the 
operator division on the operand does not 
intert'Cre with the formal derivation of the 
standard results of perturbation theory. 

We consider the ‘perturbed’ part of the 
Hamiltonian to be linear in a variation para- 
meter y which will eventually be put equal to 
unity. This procedure enables us to evaluate 
the expansion coefficients. 

We write, 




(r) = (r) + (26) 


h'^k “ 


. t;,. 


{r)A" ix) 


with //() and defined by equations (24) 
and (25). We now put 


ii^ dUn{r)dAl(x) 
m dx dbc 


— f 


(;c) 


dUni^) 

dy 


m \ 




dy 


dz 




ix). (22) 


Thus we could write 


;/J^VC(r)=(//o + A/;^)«>;:i{r), (23) 

where we define 

Ho\lrl^{r) = {6„„+h%^l2m+(N (r) 

(24) 


>P~>liii + y>Pt+y->l ^2 + (27a) 

£,'= lF„ + 7W^, + r)f, + .... (27b) 

The functions are then expanded in terms of 
the basis functions in the form, 

i/>i = 2 (r) (28) 

where we have temporarily suppressed the k 
dependence of the coefficients. We now sub- 
stitute into equation (4) to obtain: 

^2 (i 2 

\ j / n,\j 
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where is y raised to the power i Using 
equation (26) this becomes 

H.v./ 

= (29) 

U,n./v 


with energy to second order given by 


where 

h}k 2 

(33a) 


Equaling equal powers of y in equation (29) 
and using the orthogonality of the basis func- 
tions, we have the standard results, which we 
express in terms of the bracket notation 


{Kkk[mMm\i,) ^ 

j K (30) 

Investigation of these in Appendix B leads 
to the conclusion that the only non-zero matrix 
elements of H' are the following: 


{Nmk,\H];^\NnkJ 



^,{Mmk,lH'lNnk,} {Nnk,\H'\Mmk,} 

^2 i ITM PN 

n,N ^mk 2 

(33b) 

and the coefficients are given by 


Qf^ (/w, A/, k^) — HTFS 

^mk, ^kkr 


</CAki |//'|/Vnk, )(Nnk^\H'\Mmk,} 


(N+ kJf/,7|A^«ki ) = and 


-1 

/A/ + 

IV 

m\ 

1 2 

; 







and 

{N- \,nhk,\Hl^]Nnk,)^ 


fr 

niK 




(iUn SUn\ 
dx / 


where 





^Uu(r) 

(Ir, 


d'r. 


(31) 


We also find that it is not necessary to carry 
the indices on since it is always true that 


Ms 



| (NAikJ/f-|Mmk,)r^ 

(34) 


These coefficients, together with the non- 
zero matrix elements of H\ are seen to allow 
the difference K-M to have the maximum 
value /. For the perturbation approach to be 
successful, / will take on only small values. 
Thus K will remain in the neighbourhood of 
Ms and is correctly restricted by the energy 
considerations of Section 2. 

It is seen in the following section that the 
wave functions obtained with these coeffi- 
cients do form an orthonormal set. 


(/Vnki|/y;"|A/mki) = <Mwk 

The results to second order are summarized 
below. We denote the state specified by aw, M 
as 'I'Ju (r). We have 

= 2<'(w, wj,) (32) 

ff.v.i 


4. ORTHONORMAUTY OF THE 
WAVE FUNCTIONS 

We wish to examine here the orthogonality 
of the wave functions defined by 

equation (32) with coefficients to second order 
given by equations (34). We consider the 
integral 
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= 2 a,?''" im', M\ k,) a,s,"(m, M, k,)8 ^ (35) 

We will expand this expression to second 
order only. We are merely confirming the 
results of Section 3, as summarized by equa- 
tions (34). If the investigation there had been 
carried to higher order, we could do so here 
as well. Consider the sum 


2 M\ k,)a]^{m, M, k^) = 

Ui’,n,N 

nalP\m,M,k,) + al^'”(m\M',k,) 

+ 2 <*"("!' Ai' k^) M, k^)] 

n,N 

= (36) 

where we have used equations (34) and have 
anticipated the results given below. We have 
from equation (34) using equation (B. 12) 

M, M\ k,) = 

pM ^ pU' * rW' _ pM 

= 0 . 


where we have defined 

x(W«kJW'|Mmk,)-(£'l^-£y 

X(Mmk^\H'\Nnk^) 

X {Nn\i^\H'\M'm\,) 

X {NnK\H'\Mmk^} 
^Er„:,^{Nnk,\H'\Mmk,) 
x[{M'm'k^\H'\Nnk,) 
-{Nnk^\H'\M'm'k,) ] 

+ E»,^{Nnk,\H'\M'm'k,) 

X [(/Vnki|/y'|Mwki) 
-{Mmk^\H'\Nnk^)’'] 

+ E^^^[{Mmki\H'\Nnkj.) 
x{Nnki\H'\M'm’k^} 
^{M'm'kjH'lNnk^} 
x{Nnk^\H'\Mmk^)] 

= 0 . 

We have used equation (B.12) to obtain the 
final result. 

Thus we have confirmed equation (36) 
which gives upon substitution into equation 
(35) the desired result: 

/dW«;(r)'I^« (r)=6„.„6"';''8v 


The remaining term leading to (36) becomes; 
alp'{'n,M,k,) + a*u^”'{m',M',k,) 

+ 2<‘"(tn',W',y<(m,M,y 


_ {M'm'kjH'\NnkJ{Nnk[H'\Mmk^) 

2 (PW _pH WFM 


-K.) 


+ 


+ 


{M;nkJ//'|Nnkj^> ■ {Nnk^\H'\M'm'k^y 
{Nnk^\H'\M’m'kJ*{NnkjH'\MmkJ 


=y’ E 

- EH,^) (E^f;,- E:* ) (E^», - E",;; 


5. SUMMARY 

We have obtained an expression for the 
Bloch wave function in a magnetic field which 
should facilitate various calculations. The 
derivation is valid regardless of the shape of 
the energy bands, as long as the band extrema 
are at the origin of /:-space. This restriction 
should present no difficulties, and in a suc- 
ceeding paper the formalism will be general- 
ized for any position of the extrema. When 
applied to parabolic bands, the results are 
comparable to the accepted ones. In a follow- 
ing paper it will be demonstrated that the 
energy levels are just those in use, a general- 
ization of equation (1), but the wavefunctions 
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are more complicated, valid for calculations 
involving intcr-band matrix elements. The 
application to crossed electric and magnetic 
fields can also be handled by this method, 
and the derivation of the longitudinal dielectric 
constant follows easily. 

In a recent paper Miller and Kwok [13] have 
calculated the effect of the periodic potential 
on helicon attenuation using the effective- 
mass approximation. The large quantum 
oscillations arising from AiV = 0 transitions 
can easily be obtained with the wave func- 
tions developed in this paper, and calculations 
are in progress. 
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A.,V'“0 
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Let 2 - {x-^X%)l\, Qt = AQj., ky = kky so that we now 
have with the help of equation (A.3) 


A./V'=0 

= A e'V«'> e“ 

X j (A.4) 

ao 

However we know that / exp (—2^) dZ = and we 
can show by a simple contour integration that; 

a « 

J exp(-Z^)d2= J exp{-(Z — + dZ 


APPENDIX A 


so that the equation (A. 4) becomes 


We wish to evaluate 

= (L.r ' / dAexp 


We must therefore use the explicit form of the oscillator 
functions which are known [ 14] to be 



lA.l) 


^ JVv-Nv N'!N! 

\.,V'=0 

= TT^'^X e* e, (A.5) 

We now expand the last three exponentials into a sum of 
the form I whereupon we can equate the 

Ar.V' 

coefficients of corresponding powers of S and t on both 
sides of the equation. 
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There results 

P^oi/liQr) = (L,)-' exp{-i\^QX)Q^'AQr) (A.6) 
where we define 

0.v..(Q.)=e-'«-v[— J 

/-O 

The sum over I goes up to [N,N'], the smaller of N,N’. 
The sum can be related to the associated Laguerre poly- 
nomials L„“ as follows: For A/' > N, we have 

(A.7a) 

whereas, for N > N' m have 

(A.7b) 

and for N = A/' 

Q,s(Q.) = (A, 7c) 

APPENDIX B; THE MATRIX ELEMENTS 
We wish to evaluate the matrix element {MmWjH'n^l 
Nnkj_} and to determine some of its properties. Accord- 
ing to equation (25) 


uyr 


W. = (y) e' 

ft* al/„(r) dX* (x) 


m dx 


6x 


-ifKo^xX^ (x) - 


^UniT) 


Hy 


ih^ 


m ^ J 


We consider separately the three integrals defined by 


<Mmkl|//}'JNnki) 

(MmkllWJJNnki) =-ihVmki_-U (B.lc) 
where we have written 

and we see that if we define by 

k; = k^ + q^ 

then it follows that 


. ac/«(r) 

/, = (LxlV) j d^exp(-/q^ rlt;„,(r) 


xA^,(x)- 


dA^ ix) 


it- {LxlV) Jd^exp (-iq^T)(y„(r) 


dy 


X A" (x)AJ_(x), 

(B.3b) 

(LJV) j d-Vexpl-jq^Tlf/^lr) 


xVC/,(r)AJ! (x)A*_U) 

(B.3c) 


since both U„{r) and A J' {x) are real functions. 
Consider a general Integral of the type (B.3) 

dUAr) 


- (y/P)|dh'exp(-/q^'r)i;„(r)- 


i)r, 


xp;«u) 


(B.4) 


where is any one of the product functions occuring 

in the equations (B.3). We follow the same procedure as 
in Section 2 and Fourier-analyze the function (x): 

= 2 i^r) exp lB.5a) 

with 

We obtain after substitution into equation (B.4) 

I = SPj:;, (<?.) j d»rexp(-iq r)(/Jr)^^^ 

(B.6) 

The function aty«(r)/ar, is periodic with the same period 
as t7„(r), so that the transformation to a unit cell is again 
effective, and we obtain 


/=«a 


i/>-(x)dx 


(B.7) 


where we define 


(B.la) 

(B.Ib) 


(B.2) 


The argument required to obtain the result (B.8) is 
the same as that in Section 2, only the 0, = 0 term will 
contribute. The function iqj.) is either the same one 
met in Section 2 or it can be related directly to that one. 
We see from the equation (B.3) and the result (B.8) that 
we must now investigate the following three integrals; 


= J dxAI'(x) AJ U) 


/ 


/r= dxA-lx)- 


dAi'Ax) 


dx 


(B.9a) 

{B.9b) 


= J dxAjJ (x)xAjf (x). (B.9c) 


Using the properties of the oscillator functions as dis- 
cussed in Schiif [ 1 3]. these become 


dx 


(B.3a) 


JUV — gwv 

(B.lOa) 


(B.lOb) 

/r=X-'|(y) 

/r = x|(yj j 

(B.lOe) 
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We are now in a position to write down the value of the 
matrix elements considered in equations (fi. I). These are 
related to the above results through equations (B.3) 
(B 7) and (B.9). We first write the equations in the form: 


{Mmk[ I 1 NnkJ ~ | 

{MmfJH'llNnkJ = /f 6 

ifi'^ 


which become, with the help of the equations (B.9) 


{Mmk[\Hl\NnkJ ■ 


( dUn\ 

-sr) 


mK 



jVv1/2 

/N+ 1\'« 

. . 1 

'^K 

-j 

'(—) *■ 



( at/A 

{Mmk\ 


i,N i- K''-' 

//VT 

((-r) 

"+(i) 




We recall that X - {fujelfV^'^ and that w, =■ ell I me so 
that hw,X We can now use 

the defining relation (B 2) along with the above results 
to isolate the non /cro terms of {Mmk' 1 | ). The 

only non zero matrix elements are found to be. 


<,Vmk, A/«k^ ) - 


//V f 

{N~ I,wkJ/y;'|Nr7k^) - 


iOJ,, 

fir 


lii) 


X 



fJU„ 

fir ^ (fy / 


We note that ;is a result of pcnodocily 


(B.ll) 




— H-! 

[u„ — 

V fir, / 

V ar, / 


— 0 if rn ~ n. 


It then follows directly that 


(N«k.lW;«|Mmk,) = (B.12) 


/ 


az J 



= (MmkJ//;^|Nrtk^)*. 


(ii) M = /V+l 

(A//ikJ//;"|MmkJ 



r/V-f ly 

mX' 

^ 2 j 


dU,n i^Ujt 

Sx dy 

af/„ . iBU,\ 


) 




= (N + l,mk, \H‘/\Nnk^)* 
^(Mmk^\HT\Nnk,) 


(lii) M^N-\ 

{NnkJH'„'<\Mmk,) 

"'rtiklT/ ay 

~h^iN\"‘i ia(7„ iWn\ 

mk 12/ t'lir iH’ / 

-(W--l,»ikJ//;,'|A'«k,)' 

appendix C: COMPLETENESS OF THE BASIS 
FUNCTIONS 

We wish to demonstrate that the set of basis functions 
»^''rki(r) defined by equation (5) are complete i.e. we wish 
to show that an arbitrary function /(r) can be expanded 
uniquely in terms of this set in the form 

7(r)-2 «v"(ky./^yr). (CM) 

The proof follows. Define the function 

jt^(r) ^/(r) exp(~/r//xy/2c/i). (C.2) 

Any function ii,rir) can be expanded as a Fourier scries» 

J?(r) = 2 C(k' ) exp(ik' ' r). (C.3) 

k' 

where the sum goes over all of k' — space. 

Write k' = k+Km, where K„ is a vector of the reel' 
procal lattice^ and k is a vector in the first Bnllouin Zone. 
The sum then becomes 

X'(r) = 2 exp(ik t) 2 C(k + K;„) exp(iK„, ‘ (C.4) 

k-./i: ^ 


and therefore we need not maintain the labelling of //' 
when matrix elements are taken. This result follows when 
we consider separately each of the possibilities M - N, 
Af •- N 4 1 and M = N - 1 , as shown below. 

(i) M^N 


We treat these sums separately. 

2C(kTKJcxp(iK,Ar) 

K,„ 

is a function which is periodic with the period of the 
lattice, and which can consequently be expanded in 
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terms of the set of functions Uir) = w„„(r), which are 
knownlS] to be complete for the expansion of such 
functions. We write 

2 C(k + K„,) expOK, • r) = 2 d„{k)t/„(r). (C,5) 

This is substituted into (C.4) and the remaining sum is 
broken up as follows; 

2 d„(k) exp(/k ‘ r) = 2 exp(/k^ ■ r) 

k k, 

X 2 d„(k) expf/A'jjc). (C.6) 

kj 

The ^-dependent function 2 d„(k) exp can be 

expanded in terms of the set of oscillator functions 
AjJtf(jr) which are complete, so that we wrrte 

2 d„(k) exp(M^) = 2 ^v"(kj ) {x). (C.7) 

k, s " 

Substituting the expansions (C.5-C,7) back into (C.4) we 
have 


g{r)= 2 />,v''(kJexp(/k^T)f;„(r)A;; (jr). (C 7) 

n.S,k, " 

Using the relationship (C.2) between /(r) and i'(r) wc 
see that the original arbitrary function /(r) has been 
expanded uniquely in the form 

y(r) = 2 As'U, I e"'-'' "’'™*' e"*' ' U.ir).\' ( i) 

rt,/V,k, '' 

= 2 (r) (C8) 

n,N,k, 

where we define 

an^{k,) = b„^{k,){VlLxy<\ 

The basis functions are seen to form a complete set of 
functions, and an arbitrary function /(r) can be expanded 
in terms of them. 

The expansion in Section 3 does not involve a sum over 
k^ since the Hamiltonian is seen to be diagonal with 
respect to the k^ -dependence. 
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ANODIC GROWTH, DIELECTRIC BREAKDOWN AND 
CARRIER TRANSPORT IN AMORPHOUS Si02 FILMS 

C. R. FRITZSCHE 

Instilut fiir Elektrowerkstoffe, Freiburg, Germany 
{Received 1 2 September 1968) 

Abstract- Dielectric breakdown has been studied in anodically grown SiOj and compared with the 
growth conditions It is found that avalanche multiplication of electrons and ionic conductivity are 
closely related. This supports the impact ionization theory of anodization recently publishedfl]. An 
improved theory is given which supplies equations for efficiency of anodization, growth at constant 
current, and current decay at constant voltage m excellent agreement with experimental results. The 
effective mass ratio of electrons to ions, the mean free lime of the electrons, the mean lime between 
ionizing collisions and the electron drift velocity arc estimated from experimental data. 


1. INTRODUCTION 

There are several facts of breakdown and 
anodization challenging the theory of anodic 
growth. Anodic growth of SiO^ occurs at the 
very high field strength of 1*9 x lOW/cm but, 
as will be shown later, in a substantial part of 
the total oxide area dielectric breakdown 
happens below this value if well conducting 
electrodes are applied. Revesz[2] has found 
that during anodization the electronic current 
is at least 100 times the ionic current at current 
densities in the order of 10 “'^ to 10 “^A/cm^ 
but, as we found, the total current density at a 
field just before breakdown is definitely 
smaller than 4 x 10“^ A/cml Since the ratio of 
ionic to electronic current decreases with 
decreasing current these values show that 
there is practically no ionic current before 
breakdown and not only the ionic current but 
also the electronic current increases rapidly 
when the field strength of anodic growth is 
reached. 

In a previous paper[l] it has been assumed 
that impact ionization takes place during 
anodic growth and that the ionic conductivity 
is caused by breaking chemical bonds. With 
the very rough assumption that the current is 
inversely proportional to the mean time 
between the ionizing collisions it was possible 
to derive the law of current decay at constant 
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voltage. The according experimental results 
are presented now. Since we did not find a 
substantial voltage dependence of the decay 
constant a more careful calculation of the 
relationship between current and ionization 
time has been made. Voltage dependence 
could be concluded from the previous theory 
but has not been described explicitly in(l]. 
The improved theory does not only give a 
more reasonable decay constant but also 
renders possible the exlention of the theory to 
the time dependence of voltage at constant 
current. 

2. EXPERIMENTAL 

1 Ohm , cm single crystalline silicon 
polished on one side and nickel plated on the 
backside has been anodized in a solution of 
0*4 g KNO 3 in lOOcm^ ethylene glycol at 
25°C. Platinum was used as cathode and its 
distance from the silicon was 1*2 cm. The 
water content of the glycol was checked by 
Karl Fischer titrations and in most cases kept 
between 0 06 and 0*08 per cent. Aluminum 
electrodes 0 5 mm in diameter were eva- 
porated for breakdown measurement. Break- 
down voltage was measured with dc as well as 
pulse methodes as described elsewhere[3], 
however, an improved pulse amplifier was 
used and the current limiting resistor was only 
220 ft at pulse measurement. 
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3. ANODIZATION 

Several investigations of anodic growth 
have been published[2,4-6,8], most of them 
being in agreement with our own results which 
arc presented here for quantitative evaluation 
of the theory. Some of our results are new and 
give additional evidence of the proposed 
growth mechanism. 

Figure I shows the increase of voltage with 
time at constant current. There is, particularly 
at low current and for /^-lype material, a 
minimum of slope between 70 and 150 V 



I li; 1 // vs. lime /. A 99 w-type silicon 

2 ma, A 1 36 /7-iype silioon 25 ma. 


depending upon current. This can be seen in 
more detail from Figs. 2 and 3, where the 
scale IS enlarged and the curves show an 
average over several runs. 

Figure 4 shows oxide thickness vs. forming 
voltage. From the two curves for /?4ype 
silicon it can be seen that the thickness 
increases during current decay at constant 
voltage. The currents indicated correspond 
lo an area of 3. 14 cm- Since the positive 
bias of (he semiconductor causes a barrier 
in //-type material the behaviour of the p-lype 
material is more characteristic for the growth 
process. 

At high voltages the time dependence of 
voltage becomes linear. For p-type silicon 
and 25 ma the linear part is at least reached at 




Fig, 3. Forniini;: voltage fj vs lime f, //-type silicon. 


100 V (Fig. 1). This voltage corresponds to a 
thickness of about 550 to 600 A (Fig. 4). 
(The data from samples with 15 sec current 
decay at constant voltage mu.st be used here 
because during a decay of several minutes the 
thickness increases.) We will need this value 
later on in the theory. 
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Fig 4 Oxide thickness vs. forming voltage O /J-type Si, 2^ ma. 
10 min cunent decay at forming voltage, + p-typc Si, 25 ma, 1 5 sec 
current decay at forming voltage, x //-type Si, 20 ma, 2 min current 
decay at forming voltage 


If the forming voltage is kept constant after 
a certain thickness has been reached the 
current decreases with reciprocal of lime. It 
has been suggested [2] that this is due to 
rearrangement of the oxide structure. If this 
is true one would expect that after the current 
has been diminished by an order of magnitude 
an accordingly high increase of voltage would 
be necessary to bring the current to its 
original value or that the oxide would break 
down rather than grow again. Figure 5 shows 
the voltage vs. lime for two experiments, 
where after anodizing at 40 ma the voltage 
was kept constant at 170 and 210 V respec- 
tively until the current had decreased to 
5 ma. The voltage step necessary to increase 
the current again by a factor of 8 (o 40 ma 
is only 40 V in both cases and can, therefore, 
be attributed to a small increase in thickness 
during the constant voltage phase. When the 
original current is readjusted the voltage 
increases with the same slope as before. To 
explain the current decay at constant voltage 
we have, therefore, to look for a mechanism 
which changes the current rapidly with electric 
field. A suitable process is carrier multiplica- 
tion by impact ionization as will be shown 
later. 

Figure 6 shows the efficiency measured by 


the weight gain per unit charge (relative 
efficiency) and the thickness vs. current 
density. The layers have been grown to 340 V 
and subsequently kept at this voltage for 
4 min. Circles correspond to experiments 
where the glycol has been dried by molecular 
sieve. This increases efficiency and thickness 
slightly. 

A remark is necessary on the voltages. The 
total voltage applied to the cell we call forming 
voltage. At 20 ma there is a voltage drop of 
about 7 V across the electrolyte. The barriers 
between the electrodes and the electrolyte 
as well as between the semiconductor and the 
oxide are not known and may depend upon 
oxide thickness. The threshold voltage f/th to 
get the wanted current can be taken from 
Figs. 2 and 3 and is 25 V for /?-type silicon at 
20 ma. Thus, for p-type silicon and 20 ma any 
voltage between 7 and 25 V has to be sub- 
tracted from the forming voltage to get the 
real voltage across the oxide. 

4. DIELECTRIC BREAKDOWN 

For reasons already discussed elsewhere 
[3] we generally watch the first selfhealing 
breakdown as well as the breakdown which 
destroys the sample definitively. We will call 
these two types of events first breakdown and 



relat I ve 
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Fig. 5. Forming voltage vs. time. Anodization interrupted by current decay. 



Fig. 6. Efficiency and thickn-^ss at 340 V vs. current 
density. 0 glycol dried; 0 glycol undried. 


definitive breakdown. The probability of 
breakdown at specific point defects depends 
upon electrode diameter. Therefore in the 
first experiments we usually evaporate elec- 
trodes of various diameters. Tables 1 and 2 
show how many electrodes of a given dia- 
meter have their breakdown in a certain range 
of voltage. As can be seen from the tables 
there is, in contrast to thermally grown oxide 
[3], no point defect breakdown prefering a 
certain voltage range. The first breakdown 
which occurs at the weak spots, is simply the 
less probable the lower the voltage. The most 
important fact is that, with only very few 
exceptions, the breakdown voltage is smaller 
than the forming voltage and even smaller 
than the difference between forming voltage 
and threshold voltage. This demonstrates that 
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Table 1. Breakdown distribution a/Si02 grown on n-type Si to 300 V at 20 ma. d.c. 
measurement. Aluminum positive. U - Uth = 275 Vjhickness 1 5 10 A 


Breakdown 

voltage 

(V) 

0-5 

0-7 

First breakdown 
10 1-4 

Electrode diameter (mm) 

2 0 0-5 0-7 

Definitive breakdown 

1*0 1'4 20 

0-19 





1 


1 

20-39 



1 



1 


40-59 








60-79 








80-99 




1 



1 

100-119 





1 



120-139 




1 

1 


I 

140-159 

1 




1 



160-179 


1 

1 

4 

1 

1 


180-199 


1 

3 


1 

2 

1 

200-219 

3 

2 

1 


3 1 


1 1 

220-239 

1 




1 


3 

240-259 


2 



2 



260-279 





1 

2 


Total 

5 

6 

6 

6 

3 5 6 

6 

6 3 


Table 2. Breakdown distribution of SiOz grown on p-type Si to 360 V at 50 ma, d.c. 
measurement. Aluminum negative. U — Uth = 302 V, thickness 2075 A 


Breakdown 

voltage 

(V) 

0-5 

First breakdown 
07 1-0 1-4 

Electrode diameter (mm) 

Definitive breakdown 
2 0 0-5 0-7 1-0 1-4 

0-27 




1 




28-55 



I 

1 



1 

56-83 

1 




1 



84-111 








112-139 



1 





140-167 



1 

1 




168-195 


1 

5 

3 




l%-223 

1 

3 7 

4 





224-251 

5 

5 3 



2 

1 

2 1 

252-279 

2 

4 1 




1 

2 

280-307 

2 




4 

8 

9 2 

308-335 





2 

I 

1 2 

336-363 

1 




3 

! 

1 


364-391 1 

392-419 2 

Total 12 12 12 12 6 12 12 12 12 6 


a theory of anodization must not neglect the 
electronic processes which cause dielectric 
breakdown. 

In agreement with Frohlich's theory of 
electronic breakdown in amorphous materials 
[7] the dielectric strength decreases with 
increasing temperature (Fig. 7). Figure 7 also 
shows that the water content of the electrolyte 


decreases the dielectric strength. Statistics are 
shown in Fig. 8. Sample A 79 was prepared 
with 1 per cent water added to the glycol. For 
A 80 no water was added but the electrolyte 
was purposely handled without care. A 81 is a 
normal run. For A 82 the glycol was dried with 
molecular sieve. 

There are several hints on influence of ion 
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I tMnpt'iiiluie dcpendoiii'e of diflcctiic iNltength 


migration on breakdown phenomena. At low 
oxkJc thickness the breakdown depends upon 
polarity and pulse repetition rale the laltei 
dependence leading to a large diticrence be- 
tween d.c. and pulse mcasuremenls which 
hcconies smaller at higher thickness and 
disappears above 1 300 A. This is shown in 
Tables 3 and 4. table 5 shows that the break- 
down docs not depend upon pulse width if 
the repetition tale is sulTiciently low', 

The dependence on layer thickness was 
also investigated, Tor layers which were 
grown in an electrolyte with low water con- 
tent and measured with positive polarity of the 
silicon we have not been able to find any 
incieaso in dielectric strength with decreasing 
thickness dowm to 400 A. This indicates that 


Table 4. Dependence of breakdown 
field Eb upon repetition time at 1 5 
psec pulse width 


Rep, time (msec) 

0*06 

0-3 

3 0 

f.'fldO'V/cm) 

iO-6 

II-3 

121 


the mean free path of the electrons is substan- 
tially lower than 400 A. 

5. THE IMPACT IONIZATIO^ THEORY OF 
ANODIZATION 

Because of the high field strength necessary 
for anodization, the accordingly short path 
an electron needs to gain the ionization energy, 
and the breakdown behaviour of the oxide 
there is hardly any doubt that impact ioniza- 
tion takes place during anodic growth of 
vSiOJl]. The main assumption of the theory 
is that every ionizing collision produces one 
additional free electron and one mobile ion. 
Schmidt and have found that silicon 

anodi/alion occurs by cation migration. Al- 
though in their work the anodization has been 
carried out in solutions of 15 per cent pyro- 
phosphoric acid in tctrahydrofurfuryl alcohol 
and statements about the mechanism of oxide 
growth should be restricted to the actual 
system investigated we may assume that 
silicon ions are the migrating species also in 
our case. This is probable since the growth 
and breakdow n behaviour of oxides grown in 
the electrolyte used here is very similar to that 
of oxides grown in the electrolyte used by 
Schmidt and Owen as preliminary investiga- 
tions have shown. 

According to our assumption on the produc- 
tion of mobile ions the concentration of mobile 


Table 3. Dependence o/ dx. and pulse breakdown field upon layer 

thickness x 


I i.i) 

Id* V/cm) 

3V0 

680 

741) 

970 

1110 

1335 

1670 

2000 

2200 

PuKe 

13 6 

126 

14 3 

14-3 


13 6 

14*4 

14 4 

12*9 

a c 

1-6 

36 

9-1 

117 

14-4 

15-0 

15-5 

14*8 

I4'2 
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Table 5. Dependence of breakdown field £« upon pulse 



width, rep. 

time 6 msec 



Pulse width 
t/isec) 

60 

20 

60 

1 8 

£„(10"V/cm) 

1F6 

12-4 

ll-.t 

IF8 



JO - 

20 - 

10 - 

r 

0 2 

fiel^ 5tr9ngth of breakdown ► 

Fig. H. Influence of water content in the electrolyte on dielectric 
strength (first breakdown). Water content decreases from 1 per 
cent at sample A 79 to about 0 05 per cent at A K2 


A 92 



ions equals ihc concentration of electrons 
produced by collision, and the ratio of ionic 
current to total current may be written 


electrons injected from the electrolyte |2|. and 
/Xmn and jlih are the mobilities of ions and 
eleettons respectively.*^ 


+ H,iij + I'ivu) + 


( 1 ) 


where //„ is the concentration of electrons 
excited thermally n,„t the concentration of 


*For simpliciiy ihe faclor u in [IJ is sci lo unity. This 
of couisc influences the evaluation of tj in 1 ig 9 How- 
cvci . I ig. 9 is based on a very rough estimation and has to 
be considcicd as a qualitative siaiemcnt only To get ?) 
from the relative eflicicncy shown in Fig. b it is ciimmimly 
assumed that 4 clcctionic charges have to be transported 
to foini one neutral SiO^[5]. This however is not cciiain 
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Introducing the mobility ratio 

the total current j, and the leakage current ji 
caused by n„ and nmj we get 


Hence 

y"7( , 

• (lb) 

I ~ Lj 

Using ( lb) we can estimate q and from Fig. 
6. This was done by calculating t] from the 
relative efficiency (see footnote) and solving 
(lb) for {\-\-q) with two different pairs of r\ 
and j values found experimentally, it was 
assumed that q and ji vary only slightly with 
/ The difference of the two j values must be 
small and the error will be large. The result 
is shown in Fig. 9. ft is interesting that q 
shows high values only at very low current 
density and is rather small under normal 
growth conditions. If an Si^ Ion is migrating 
c{ has to be multiplied by a factor of 4, 

rhe thickness x is assumed to increase 
proportional to the number of transported 
ions. Let a,, be the thickness reached at the 
time /(t at which the voltage is kept constant. 


Then we have according to ( 1 b) 

t 

A: = ^o+c|^d/ (2) 

to 

where C is a constant. 

The current decay at constant voltage is due 
to the fact that increasing thickness decreases 
the field and increases the time ti per ionizing 
collision. Thus we need a relationship between 
j and /f or x. Let tf be the transit time an 
electron needs to cross the oxide film, and 
let one electron produce A'ooih electrons on its 
way. Then 

The primary electron may be neglected if the 
film is sufficiently thick. Taking into account 
all primary electrons we can set (see appendix) 

Writing yiQn in terms of /?coiit using (lb), and 
introducing the leakage current again we get 

j-h = 

and since q > 1 

In — = 7 In 2 (3) 

Jl‘P h 



Fig. 9. Mobility ratio and leakage current denjiity vs. total 
current density. 
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where p is a constant. Now we consider the 
time needed to gain the ionization energy / 
in the case of free acceleration. If m is the 
effective mass of the electron, e the electronic 
charge, U the voltage, and r the mean time 
between collisions of all types we have [9] 


V2m/ \^2ml 


(4) 


Now we substitute (4) and (2) into (3). The 
increase in thickness during the constant vol- 
tage phase is small compared to Therefore 
we use the integral only in the exponential 
term and replace Ulx by £0 in the other one. 
This leads to 


hP 


\n2^ 

V2m/ 


exp 


Vlml 

eUr 




(5) 


we get 



C h 

\+q Tt; 


(7b) 


Integration of (6) is possible, if we consider 
not too large a current range so that q and ji 
may be regarded as constant. We gel 


T— 7 -— T--B(r-rn). (9) 

J Jo Ju, 


This is the current decay at constant voltage. 
B can be determined experimentally. In agree- 
ment with (7a) it was found to depend not 
upon voltage. With fl = 0-82A~^sec"^ and 
J, from Fig. 9 we calculated curves for )(, = 20 
ma as well as 35 ma. These are shown in 
Fig. 10 together with experimental values. 
The agreement between theory and experi- 
ment is quite satisfactory. 

The theory can also be applied to the growth 


Expanding the exponential function into series 
at jco and diflFerentiating (5) we get 


J~J\ d/ 7, Ji 


where 


C I V2ml 

/i = f,ln2- — -TT^exp' 


\+q U .T \ eEnT 


. (7) 


Instead of tt we can introduce the drift velocity 
V and (7) may be written 


C I 


£--ln2 , 

V T 


-exp 


(7a) 


where is the time needed to gain the ioniza- 
tion energy in the case of free acceleration, 
and because of (see [9]) 



-= exp + -. 
// T 


Fig 10. Current decay at ci^nsianl voltage 0 35 ma, 
(8) 270 V, n-type: □ 20 ma. 300 V. /j-type; + 20 ma. 360 V. 

' p-type. - theoretical curvc>. 
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under constant current. With jc^ = 0 equations 
(2) and (3) yield 

(■(/) f /) _J — _\j( (2a) 

Hence 


is not a very accurate method to determine 
these values. However, the fact that they all 
are obtained in a reasonable order of magni- 
tude supports (he theory much more con- 
vincingly than the agreement between theory 
and experiment in current decay ( Fig. 1 0). 


Here p cannot be regarded as constant. 
Substituting for p with the expression derived 
in the appendix we get 


dr 

d/' 


C.f 


\^Cf\ l-h/7 


tb 

d/ 



+ 1 


.r . In ! 


If .r ^ 4vf, practically no deviation from 
linear growth can be observed. As has been 
shown above this happens at x ~ 575 A. Thus 
we have 

VI, - I-4X 10 '‘cm. (10) 


Since / is known 13] /; can be calculated from 
classical mechanics. The quantity ( /I H-c/can 
be taken from Figs. 1 and 4 using (2), With 
(10), (7b), and (8) we have all we need to 
determine r, and e. 

We have found; 
from cxperimcnl for ) ^ 25 ma 

«-0-82 A ‘sec — - 

1 I Cl 
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APPENDIX 

Cali ulatum of the fiu tor p 

( oiisidcr a unit area and let V,„n be the total number of 
efectrcMis paiduccd by collisions, 77ien we can define an 
average density n,oii by 

X . n,„i, ~ 


- 3‘5 X [0 "cm A ' sec 
/:, 1 4) X ur Vein ^ f - 1 1 eV (see [3]) 


1 his number can be calculated by integialmg the contri- 
buiions of d^ elections stalling in a surface 

layer of Ihc width d^^ and I ravelling over a distance ^ 
Since these cleciions need the time ^Iv we have 


from theory 


liu If 

f, -5'qx 10 J- - sec; - ^4-S 


- 120 v=2'< 10S/--cm sec-'. 

in 


II 

Hence 

{, 

«<.ill^ + S-1). 

A In 2 

C\)mparing this with our assumption 


It may be that the evaluation of anodization 
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we see that 


During the current decay at constant voltage x remains 
almost constant. T hus p can be regarded as a constant in 
equation (5). 
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Multiphonon processes in amorphous selenium 

(Received 9 September 1 968; in revisedform 
24 January 1969) 

The fundamental vibration modes of 
amorphous selenium have recently been identi- 
fied assuming a structural model involving the 
presence of Se^ molecules as well as poly- 
meric Se chains [Ij. In the present work the 
temperature dependence of the i.r. spec- 
trum of amorphous selenium has been 
measured and used to assign the non-funda- 
mental absorption bands. The temperature 
dependence of the absorption edge has been 
discussed previously [2]. In the wavelength 
range between the absorption edge and the 
highest frequency fundamental vibration (i.e. 
between 1 and 39 /xm) several absorption 
bands have been reported in the literature 
[3-5] but disproved by later publications 
[6, 7]. However, none of the absorption bands 
discussed in this paper are due to impurities 
or different preparation techniques of the 
specimens. 

The measurements were carried out with a 
Perkin-EImer 13U spectrometer in the 
wavelength range \-25 fim and with a 
Perkin-EImer Model 301 spectrophotometer 
for the rest of the spectrum. The liquid selen- 
ium was kept in heated Vycor tubes with KBr 
windows and teflon seals. Temperature 
gradients in the longer cells (up to 10 cm 
length was used) were compensated by 
keeping the windows slightly hotter than the 
main body of the tube. The transmission of 
the empty cell at each temperature was 
measured separately since the transmission 
of the KBr and Csl windows is strongly 
temperature dependent near the cutoff 
frequency. 


F igure I shows a plot of absorption 
coefficient a against wavenumber for three 
different temperatures. In the shorter wave- 
length range the absorption at 77° and 300°K 
exceeds that of liquid selenium (623°K) 
indicating a nearly wavelength independent 
background scattering. In fact, when amor- 
phous specimens were cooled several times 
to liquid nitrogen temperature and reheated, 
irreversible changes of the background 
absorption were observed. The background 
absorption of liquid selenium is much smaller 
and was assumed to be caused by the wing of 
the 257 cm'* fundamental band; 

and 

where a^ax the absorption, a>o the resonance 
frequency and cu// the halfwidth of the funda- 
mental band. The temperature dependence 
of (Off was adjusted to make the value of a^. 
equal to the smallest measured absorption at 
900cm“HFig. 1). 

The three absorption bands at 983, 743 
and 490 cm‘^ are considered as combination 
bands due to Se^ molecules in the amorphous 
phase. The phonon frequencies of the Se^ 
molecules are taken from the observed fre- 
quencies of monoclinic selenium [Ij. Table 1 
shows our assignment together with the funda- 
mental vibrations of amorphous selenium as 
assigned by Lucovskyfl]. The band positions 
are given at room temperature. 

Our assignment agrees well with the 
observed temperature dependence of the 
combination bands. This is shown in Fig. 2. 
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h ig, 1 . Absorptjon coefficient as a function of wavenumber for three different temperatures. The numbers on 
lop denote the band positions m wavenumbers, ocf , background absorption due to the wing of the fundamental 
resonance at 2^7 cm backgiound absorption due to free carriers with - lOOcmVVsec and N ~ 10'* 


Table 1 . Fundamental and overtone bands in amorphous selenium 


Frequency by Lucovsky 
(cm ') 

A^.■^igllment by Lucovsky 

I R. frequency observed in our work 
tcm“') 

50 Raman 

Se^, 

55 (very broad) 

HO Raman 

Sch, Ei 


95 I.R. 

Scm, E, 

97 

1 12 Raman 

Se^, A 1 


120 I.R. 

Sch* Ej 


1351, R. 

Polymeric chain, £ 

138 

138 Ramun 

Polymeric chain, £ 


235 Raman 

Polymeric chain, /4,, £ 


250 Raman 

Se«,/I„£, 


254 I.R 

Se„.£, 

257 

I.R. frequency observed in our work 



(cm'') 

Assigned by us 

490 

254 + 239 ^=493 

(Se„E,) + (Se„£.,) 

743 

2.54 + 249 + 233 = 742 

(Se«, Ei) + (Sc«, /f , ) + (Se„, £..,) 

983 

(2x254)+ (2X239) = 986 

2(Se„£j) + 2(SeH,£.J 
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Fig. 2. Plot of the integrated intensity ( / adA) in relative 
units against the temperature. The thin lines denote the 
theoretical curves for a 4’phonon, 3-phonon and 2-phonon 
process. The dots are the measured values using the 
background absorption («t p ) The error lines are deter- 
mined by assuming either no background absorption at ail 
or straight lines between the minima of the bands. 

where the theoretical temperature dependence 
is plotted together with the integrated band 
intensities. The integration was carried out 
numerically after subtracting the background 
absorption. The theory of multiphonon absorp- 
tion [8, 9] requires in the case of a 3-phonon 
process, a temperature dependence of the 
band intensity according to 

X [\ + l(hP2)]^ 

— l{hpi) X I{lw2) X i{hP:i) 
where !{hp) = (exp hpIkT— 1)"^ 

Naturally the population of higher states is 
insufficient to cause significant absorption at 
temperatures as low as 77°K, therefore the 
theoretical curves for all three bands start 
close to unity. The true intensities however 
differ considerably between the bands ex- 
pressing clearly the smaller probability for the 
higher phonon processes. The normalisation 


was done for the 490 cm“* band at 77°K, 
and for the other two bands at 500°K (dots 
without error indication in Fig. 2). 

Considering the entire i.r. spectrum of 
amorphous selenium as shown in Fig. 1, 
the absorption band at 983 cm”' has been 
observed by Vasko[4] but never discussed 
any further since it appeared too weak. The 
band at 743 cm"' has been assigned by Vasko 
[5] as a 4-phonon combination which is 
inconsistent with the measured temperature 
dependence. The band at 490 cm~' has been 
assigned [5] as a 3-phonon combination, again 
inconsistent with the temperature depen- 
dence. Our assignment (Table 1) is based 
on the measured temperature dependence and 
on the closest frequency matching. It is 
definite in the number of phonons involved 
but does not exclude other possible phonon 
combioations which would come equivalently 
close in their frequency sum. 

The band at 257 cm”' has been assigned 
by Lucovskyin as a type E, fundamental 
vibration of the Sck molecule (254 cm"'). 
This assignment agrees well with the observed 
temperature independence of its position and 
intensity. The band at 1 38 cm”' was assigned 
by Lucovsky [ I ] as due to the type E rotational 
vibration of the polymeric Se chains. In the 
trigonal selenium single crystals, this band is 
located at 1 44 cm”* and in the liquid selenium 
we observed it at 122 cm"*. Hass and 
RosenstockllO] calculated the frequency and 
intensity changes which would occur when an 
infinite chain is shortened so that the end 
conditions become effective. Apart from some 
additional absorption bands which would be too 
far in the i.r., they propose the absorption 
of the fundamental mode to be directly 
proportional to the chain length. Thus we 
obtain an excellent support for the assign- 
ment by Lucovsky and confirm the con- 
ception that increasing temperature in amor- 
phous Se leads to a drastic shortening of the 
polymeric Se chains. From viscosity measure- 
ments by Keener and Bailey! 11], the decreas- 
ing chain length with increasing temperature 
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has been indirectly derived. The absorption 
band at 97 cm"’ was assigned by Lucovsky[l] 
as due to the type Ej vibration of the Sck 
molecule (95 cm"M. This seems to be consis- 
tent with our results in the liquid phase. How- 
ever, it could be caused equally well by the 
type A>i vibration of the polymeric chains 
which occurs in the trigonal crystals at 
102 cm~’. The slight shift observed between 
liquid nitrogen and room temperature sup- 
ports the latter assignment and this would 
then be similar to the shift of ]38cm~’ 
band. The last absorption band at about 
55 cm ‘ was loo weak and broad to be further 
analysed. 

Ai'kniwlci!i>i‘mcnts~ \ hc experiment'^ were Mipporled 
jinnlly by Cnnaditin ( opper RtTincrs Limtted and Ihe 
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Exploding wire phenomena in the coinage 
metals 

{Hei eiced 6 March 1 967; /n reviwd Jorm 4 Oi loher 1 968) 

Much of the interest in Exploding Wire 
Phenomena (EWP) has been concerned with 
the physics of the processes occurring, while 
little work has been done in studying the 
chemical and physico-chemical aspects of 
HWP. In exploding wire experiments one 
obtains, among other things, an oscilloscopic 
trace of current versus time* and in many 
instances the trace will show two current 
maxima, the time interval between these 
maxima being known as the ‘dwell’ time. One 
explanation of this behavior[l] is that the 
second maxima (restrike) is due to ionization 
which was prevented during the dwell period 
by high gas density. 

Chace, Morgan and Saari[2] measured the 
current as a function of voltage during the 
dwell period and found that the data could 
not be fitted in all cases to Childs’ Taw[3|. 
However, when Childs' Law is modified to 
take into consideration the Schottky effect [4] 
the results are in agreement with the modified 
law which indicates that the charge carriers 
are produced by thermionic emission. In this 
case, the current should be related to the 
thermionic work function by the Richardson- 
Dushman equation [5], and the dwell time 
might be expected to be dependent upon the 
work function as has been suggested by 
Woffinden[6]. We wish to report the results 
of a study of the effect of the nature and 
dimensions of the coinage metal wires, Cu, 
Agand Au,on EWP. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
In order to ascertain the relationship of 
dwell time to work function, metals in the 
same family were chosen and the wire dimen- 
sions used were the same so as to eliminate 
the dependence of the dwell lime on wire size. 
If it is assumed that restrike occurs because 
of ionization due to electronic or ionic impact, 
then the magnitude of the current and hence 
the dwell time would be expected to be a 
function of the ionization potential of the 
gaseous atoms as well as the work function 
of the metals. We have found that the dwell 
lime for the coinage metals increases as the 
ionization potential of the gaseous ion and 
the work function of the metal for Cu, Ag and 
Au increase. The experiments have been 
carried out in air at two different pressures 
and the results are given in Table 1. We feel. 


through the surface of these clouds due to a 
rapid decrease in pressure behind the shock 
front. It is possible, therefore, that under the 
conditions of our explosions, the duration of 
the dwell is determined by this pressure drop 
following shock propagation. 

The explosions were performed with an 
apparatus consisting of five 3I-25^F oil- 
filled capacitors connected in parallel using 
a copper/ poIyethylene/Mylar/polyethylene/ 
copper sandwich constructed as follows: 

Two sheets of copper(0-32 cm thick) separated 
by two sheets of thin (0-076 cm) polyethy- 
lene which in turn were separated by one 
sheet of Mylar (0-013 cm) were connected 
to the capacitor terminals. The three insula- 
tion sheets extended about 5 cm beyond 
the copper plates to prevent arcing at the 
edges from plate to plate. The polyethylene, 


Table I . Dwell times, ionization potentials and work-functions 
forCu, Ag and Au“^ 


Dwell time loni/.alion energy! Work function! 

(/liscc) (eV) (eV) 

7f>0mm/^= 150('mm 


Ag 

38 

27 

7-54 

4-28 

Cu 

48 

38 

7 68 

4-47 

Au 

68 

58 

9 18 

4 58 


Wires 12 '70 cm in length und 0-0508 cm dui. were used The initial charge 
on the capacitor bank was 7 KV. 

tin Handhofik oj Chrmistry and Physics, 45th Hdn. p E41 
tMICHAELSONH. B..J uppi Phys 21,536(1950), 


in particular, that the relationship of the 
ionization potential to dwell time supports one 
of the proposed models of FWP[1 ]. 

The observed decrease in dwell times with 
increasing ambient pressure appears to be 
contrary to most published work. However, 
most investigations along these lines have 
utilized very thin wires, hence the arc ter- 
minating the dwell occurs through the core of 
the vapor cloud. Thick wires produce more 
uniform, dense vapor clouds, and Korneff 
et aL[7] have shown that restrike occurs 


being smooth, prevents surface corona and 
the Mylar prevents breakdown through the 
insulation. To prevent arcing at the capacitor 
terminals, a 10 cm dia. hole was drilled in the 
copper sheet at each terminal not connected 
to that particular sheet. Lhrough the use of the 
sandwich, the leads were held very close 
together thus reducing the inductance to a 
reasonable level {0-39 /iH) by decreasing the 
magnetic field induced by the large current 
changes during discharge. The capacitor 
bank may be charged to 10 KV, and the stored 
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energy discharged through the wire by firing 
a Lovotron switch [8] with a modified Theo- 
phanis hydrogen ihyralron trigger [9]. Current- 
time traces were obtained with a commercially 
available current-viewing resistor and a 
Tektronix 5I7A oscilloscope. Dwell limes 
were reproducible to within ± 1 ^sec. 

The oscilloscopic traces (current vs. time) 
obtained for the Group IB metal wire explo- 
sions are essentially identical; however, the 
actual numerical values of the current maxima 
and dwell times do differ. We have found that 
it is essentia) to hold at least four variables 
constant when comparing results for different 
members of a chemical series: wire length, 
wire diameter, initial charge on the capacitor 
bank and the pressure of the surrounding 
atmosphere. An increase in either wire 
dimensions always causes an increase in the 
dwell lime. BothKeilhacker[10|and Oktay [1 1] 
have observed increases in dwell time for 
increasing wire diameter, but neither have 
observed a consislent dependence on wire 
length. Similarly, an increase in either 
voltage or surrounding gas pressure causes a 
decrease in dwelt lime. Therefore, in compar- 
ing dwell phenomena for any series of metal 
wires, ihc above four variables should be 
held constant. 


Department of Chemistry, 
Michael Faraday Laboratories, 
Northern (liinois University, 
Dekalb, ill. 60iI5, 

V.SJ. 
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The author notes that in the Acknowledfiements, the following should be 
included: 


B. Gilbert kindly synthesized the pure RbCN. 
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J. C. HO and R. VISWANATHAN: Low temperature specific heat of h.c.p. 
Mo-Ru and Mo-Rh alloys. J. Phys. Chem. Solids 30 J 69 ( 1 969). 

The authors regret that on page 1 70, line 9 should read: 

however, had no significant effect on the 


1903 



ERRAM 


1904 


III 

G. LEHMANN: Interstitial incorporation of dh and trivalent cobalt in quartz. 

J. Phys. Chem. Solids 39 , 395 (1969). 

The author regrets that on page 396 the first sentence after paragraph (d) should 
read: 


The sites (a), 1^ and are expected to lead to 
the same type of spectrum and to similar 
band positions. 
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W. J. BITER. INDRADEV and EBRD WILLIAMS: Experimental and theoreti- 
cal studies of low-voltage electroluminescence of ZnS single crystals. J. Phys. 
Chem. Solids 39 . 503 ([9691 

In fHE above article the name of Ferd Williams was misspelled as Fred Williams 
owing to an error made by the printers after the title had appeared in page proof. 
The printers greatly regret this unfortunate error. 
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ELASTIC CONSTANTS OF LiBr FROM 300® to 4-2®K* 

B. J. MARSHALL and C. R. CLEAVELIN 
Department of Physics, Texas Technological College, Lubbock, Texas 79406. U.S A. 

{Received t November 1968; /n revised form 17 Manh 1969) 

Abstracl-'l'hc adiabatic elastic constants have been measured in single crystals of lithium bromide in 
the temperature range of 3()0®-4 2°K. The values of the elastic constants at ()°K, extrapolated from 
4-2®K. are r,, - 4-72 1, (-44 = 2*052, and f = 1 -590 in units of 10" dyn/cm^ The variation from the 
Cauchy Relation is A — = ^0*462 x 10" dyn/cm^ at O'^K. The Debye characteristic tempera- 

ture calculated from the elastic constants at 0 ° is 276*6'’K according to Bells cl al The lattice 
energy at 0®K is calculated to be 1 85 kcal/mole. 


INTRODUCTION 

Within the last ten years much progress 
has been made in understanding the nature of 
the bonding forces between ions in alkali 
halide crystals. Phenomena such as the failure 
of the Cauchy relation (cv> ^ r,,), the crys- 
tal stability and the fact that many of them 
exhibit polymophism under pressure at low 
temperatures have been theoretically investi- 
gated by Lowdinfl], Lothe(2], Herpinf3], 
Dick [4] and recently by Lombardi et fi/.|51. 

Accurate low temperature measurements 
of the elastic constants provide the theoreti- 
cians with a means of checking their funda- 
mental theories. Therefore, in a continuing 
effort to supply basic information on the elas- 
tic and thermal properties of crystalline solids, 
wc have measured the adiabatic elastic con- 
stants of LiBr from 300° to 4-2°K. 

EXPERIMENTAL 

The single crystal specimens used in these 
measurements were approximately cylindri- 
cal with a diameter of 0-63 in. and a length of 
10 in. The crystals were obtained from Semi- 
Elements, Inc. with the end faces of one crys- 
tal oriented perpendicular to the [100] axis 
of the crystal, and the end faces of the other 
were oriented perpendicular to the [110] axis 


*This work wa^ supported by the Robert A Welch 
foundation of Texas. 


of the crystal. The end faces were polished 
parallel to within ±0-001 inch. LiBr is ex- 
tremely hygroscopic, thus requiring that the 
specimens be handled in a dry atmosphere at 
all times. This was accomplished by making all 
preparations in a ‘dry box’ containing a helium 
atmosphere. 

Due to the symmetry of a cubic crystal, 
there are only three independent elastic con- 
stants and Ci,,[61. To obtain cu and 
one simply measures the velocities (V) of 10 
MHz longitudinal and transverse sound waves 
propagated in the [100] direction. Then if the 
density p is known, the following relations 
may be used: c,i ~ and = pE/'L To 
obtain c,;, one measures the velocity of longi- 
tudinal sound waves along the [110] direction 
{V'f) from which we obtain — 2pE/“ — 
(( u"l-2r44). The elastic constants r,o and 
may also be obtained by using polarized trans- 
verse sound waves propagated in the [110] 
direction. Thus to obtain Ci.., one measures the 
velocity {V^) of a transverse wave propagated 
along the [110] direction with its particle 
motion polarized perpendicular to the [001] 
direction giving ('^0 = Cn-lpVr^. Then in 
order to determine c^,,, a transverse sound 
wave is again propagated along the [110] direc- 
tion, but this time the particle motion is polar- 
ized parallel to the [00 1 ] direction. The 
velocity ( V-l ) associated with this wave 
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For measurements on L/flr, Cjj was meas- 
ured as first mentioned; (' 4 ^ was measured 
by both methods giving excellent agree- 
ment, and ('12 was measured by the polarized 
transverse wave technique. 

The method employed to measure the 
sound velocities in the crystals was the well- 
known pulse-echo technique. The equipment 
has been described in an earlier pub/icationf?! 

7he pi/lse-echo technique requires that a 
rigid bond exist between the quartz water 
transducer and the crystal. In the temperature 
range over 3(K)°-I6()°K Nonaq stopcock 
grease was used as a binder. For measure- 
ments between Iblf-SifK, an organic mixture 
of 5 parts ethyl ether, 6 parts pentane, and 2 
parts ethyl alcohol was used as a binder. The 
mixture was applied as a liquid at approxi- 
mately IbtrK, Finally for measurements be- 
low H(FK, dried natural gas was the binder. It 
was applied as a liquid at approximately 80'^K. 

The temperature measurements were made 
with a Copper-Conslantan thermocouple 
which was placed in contact with the crystal. 
'The crystals were cooled at a constant rate 
of ItrKpei hour. 


RESVLTS Am DISCUSSION 
Jn order to compute the ve/ocj'ty of sound 
through the LiBr crystal, it ks necessary to 
know the length of the crystal as a function of 
temperature. The room temperature length 
measurements were corrected down to 4 2°K 
by utilizing the thermal expansion coefficient 
of LiBr; (a = 50 0 X KFfK) ‘ at 22T)[8]. 
Since there were no data available on either 
the temperature dependence of the expansion 
coefficient or the specific heat of LiBr, the 
temperature dependence of the expansion 
coefficient was approximated by assuming the 
dependence proportional to the specific heat 
data modeled after LiCI; see Gruneisen[9]. 
The value of the density at 22°C is given by S. 
HaussiihlllO] to be 3-4703 g/cm^ Then 
with the above calculated expansion co- 
efficient, the density may be calculated as a 
function of temperature. 

In Table 1 the value of the adiabatic elastic 
constants and Hcn-Cj.) are given 

over the temperature range 300M-2°K. The 
values of the elastic constants shown are from 
smoothed curves of the data. Also given in 
this table are the calculated values of density 


I'nhfo 1. Ithistic ronstnnfs and i)V j — 
f>/T.aBr /// nnit^s of 10*' dynlc nr, dcnsidcs in units 
of ,^lcni\ and conipressihilities in units oj 10 
cndldyn 
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and the compressibilities as calculated from 
/3= 3/((‘i, + 2('|2). 

The estimated possible error for c,,, C 4 ,, 
ft., and at 4'2°K are ±0'8%, ±()- 8 %, 
±3-9%, and ± 0 - 8 %, respectively. The error 
in Cy. is greater due to the cumulative error of 
c’lj and pVi'r since (•,.> is a difference equation 
and is directly dependent upon the values of 

CiiundpV/. 

The elastic constants of LiBr have been 
measured at room temperature ( 22 °C) by K. 
Spangenberg and S. HaussiihlflO]. The values 
they give, in units of 10 *’ dyn/cm^ are C), = 
3‘94,r,.,- 1-91. 

Figure 1 shows the temperature depend- 


ence of the elastic constants of LiBr. c,, and 
c ’44 show a decrease with increasing tempera- 
ture, while (',2 shows an increase with increas- 
ing temperature. The percentage changes over 
the range 3(KF-0°K are Cn (17%), Ci, (8-2%), 
and C |2 (15*9%) which are in line with the other 
alkali halides of NaCl structure. 

Another quantity, which expresses the 
elastic behavior of LiBr, is the anisotropy 
factor. A = 2 c„/[c,,-c, 2 j. At 3()(f and 0"K 
this quantity is equal to 1-K57 and 1-204, 
respectively. For an isotropic material, the 
anisotropy factor is equal to one. Thus, it is 
observed that LiBr tends to become more iso- 
tropic for decreasing temperature. The tem- 
perature dependence of the anisotropy of 
the alkali halides has been discussed by 
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rig. 1 , T'he elastic constants of LiBr as a function of temperature in units of 
10" dyn/cm^ 
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Lewis r/ r/A[l 1] and Nikanorov al. [12], In 
addition, Huntington [ 6 ] has discussed the 
fact that (kj] - (', 2 ) < (44 for Li halides. 

DEBYE TEMPERATURE 
AND LATTICE ENERGY 

The Debye temperature, 0;;, at 0°K, was 
calculated from the extrapolated values of the 
elastic constants. Using the approximation 
of Betts, Bhatia, and Wyman[13J we obtained 
a value of = 276'6°K. According to Betts 
ct at. if 0-5 2rji/(c-,, — 0 , 2 ) ^ 1*5 for cubic 

crystals, then (9,/' is in error at most by a 
fraction of a per cent. For LiBr we get the 
anisotropy factor to be /f — 1*204, T herefore, 
for LiBr should lie within the above error. 

The DeLaunay’s approximation f 1 4] could 
not be used in these calculations since {r,,~ 
r, 2 )/ 2(’44 is not greater than or equal to one. 

Utilizing the Madelung’s constant a- 
1*747358 and the compressibility jQ at 0°K, wc 
have calculated the lattice energy of I iBrj 13] 
to be f/(, 184*8 kcal/mole. 

EAILURE OF CAUCHY RELATION 

Quantities which provide information on 
the forces between ions in a solid are the 
( auchy Relations which for a cubic system 
reduce to r,.* - c',,(61. It was found for LiBr 
as has been found with the other alkali halides 
that A = { is not equal to zero.* The 
value for A obtained in these measurements 
was - 0-462^ at 4 2°K and -0 01(1 at 295°K 
(both in units of 10’' dyn/cm-). Our value at 
3(HFK is very near to the room temperature 
value obtained by Spangenberg and Haussuhl 
110) of -0*03 (in units of 10“ dyn/cm^). As 
can he seen from the experimental results of 

M 01 <» thcoiclic:<jl discussion of Ihe deviatn^ns of the 
( ciuchy Rclalions, see, for example, the work of P() 

I OWDIN and more iccenily the work of U l.OM- 
BARDlct ol 


Lift 16] and LiCl[7] the deviation of the 
Cauchy Relation becomes more marked for 
decreasing temperature, i.e. the differences in 
the deviations between 300"^ and 4*2°K being 
-0*17 and -0*234, respectively (both in units 
of 10“dyn/cm^). Therefore, our value of 
-0*462 (in units of 10“ dyn/cm'-^) seems very 
reasonable at4'2°K. 
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Abstract- The partition function and related thermodynamic functions of a two-dimensional anti- 
ferromagnet where exchange interactions are present between (i) magnetic and non-magnciic spins 
with an exchange integral and (ii) non-magnetic spins with an exchange integral are obtained 
exactly in an arbitrary magnetic field H and for an arbitrary magnetic spin quantum number 5. The 
model is a simple quadratic' lattice w'lth non- magnetic spins at each vertes and decorated with a 
magnetic spin on each bond, fhe effect of interactions present between non-magnetic spins on the 
critical temperature l\{a}{a - J 2 lJ\) and critical field HAa]', and on the transition temperature 
T,{a) and transition field Hiia) is examined in detail It is found that T,{a) approaches zero linearly 
as « — - -25. and that when a > 0 there exists a temperature I ^ below which the transition 
magnetic field is infinite The dependence of the zero field internal energy Eia,T), and the zero 
field siLsccptibility Xnfni, T) upon a is evaluated, and exact expressions are derived for the cnlical 
point values of t'ta, 5, T, ) and Xido:, .V, T , ) , 


I. INTRODUCTION 

Consider an Ising modelfl] ferromagnetic 
lattice assembly of N spins, where the Hamil- 
tonian is given by 

^ is \ 

f=\ (,) t-1 

and where is the exchange constant between 
rth neighbouring spins S f and denotes 
the sum over all rth neighbour spins" ju is the 
magnetic moment per spin, and H is the exter- 
nal magnetic field. It is well known that exact 
solutions can be obtained for the partition 
function and related thermodynamic functions 
of any two-dimensional planar lattice when, 
(a) the interactions are limited to those between 
nearest neighbour spins, (b) the spin quantum 
number ,V of each lattice site is i, and (c) the 
external magnetic field is zero. 

Of all the present day methods which are 
capable of re-deriving the Onsager solution 
not one of them is able to incorporate a 


relaxation of any one of the constraints (a), 
(b) or (c). An interesting exception to this 
deadlock is the two-dimensional super- 
exchange model of an anliferromagnet which 
was proposed by Fisherf2] and is based on 
the Ising model. 1 he model is a member of a 
class of exactly solvable problems known as 
the decorated bond transformations, which 
have been discussed by Fisher|3J. The basic 
idea of the model is to represent at low 
temperatures an antiferromagnetic ordering 
in terms of magnetic atoms interacting via a 
non-magnetic intermediary atom; a pheno- 
mena labelled super-exchange by Anderson 
(4,5). Fisher has given a very thorough 
treatment of a super-exchange simple quad- 
ratic lattice deriving exact results for the 
thermodynamic functions in the presence of 
a field (condition (c) relaxed), and discusses in 
detail their magnetic field dependence. The 
super-exchange Using model is even more 
versatile, and exact results can be obtained 
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when all three of the constraints (a-c) are 
relaxed simultaneously. 

It is the main purpose in this paper to 
examine the effects of a second neighbour 
interaction on the transition properties of 
a two-dimensional super-exchange model of 
an anlifcrromagnet (condition (a) relaxed). 
The paper contains three further sections. In 
Section 2 the model is briefly described and the 
partition function obtained; a semi-classical 
Ising-Heisenberg model is introduced as the 
limiting case of the super-exchange model 
( .S’ ^ 1 . 

In Section 3 the transition points arc dis- 
cussed as functions of the strength of the 
second neighbour interactions, and in Section 
4 we discuss the behaviour of some of the 
critical thermodynamic properties in zero 
magnetic field. 

2. ki.suj;r's si han<;k moopj. 

A section of Fisher's [2] super-exchange 
simple quadratic lattice is shown in Fig. 1. 
The open circles at the vertices of the net 
represent non-magnetic spins .SV which do not 
interact with the external magnetic field, and 
have quantum numbers of L I he crosses on 
the bonds of the square net represent mag- 
netic spins .S'j^ (vertical bonds) and Sj 



Fig. 1. A section of Fishcfs super-exchiinge lattice 
where the open circles at each vertex represent non- 
magnetic spins, and the crosses on each bond represent 
magnetic spins The exchange interactions included in 
the assembly are also shown, a negative Jr denotes a 
ferromagnetic exchange. 


(horizontal bonds). The magnetic spins may 
have an arbitrary quantum number S. To 
ensure that the low temperature ordering is 
antiferromagnetic Fisher introduces ferro- 
magnetic coupling between neighbouring Si^ 
and and antiferromagnetic 

coupling between neighbouring S(^~ and 
SriJ^SlSL.). 

Consider now an exchange coupling 
-JoS%S% present between the neighbour- 
ing non-magnetic vertex spins; this effectively 
introduces a next-nearest-neighbour inter- 
action in the form of a direct ferromagnetic 
exchange interaction. I'he exchange inter- 
actions present are shown in Fig. 1; we can 
write the Hamiltonian of the assembly in the 
form 

^ -= 47 , (- 2 + 1 s I 

-2^,HlSl,-2nH^Su ( 2 ) 

where a = JJJi and is a measure of the rela- 
tive strength of the next-nearest neighbour 
interactions. 

The Hamiltonian (2) is a particular case of 
a decorated lattice where the decoration is 
the addition of a magnetic spin to each bond 
of the undecorated s.q. lattice. Following 
Fisher [3] the partition function Z/, of the 
decorated super-exchange lattice in the 
presence of a field can be expressed in terms 
of the partition function Z of the undecorated 
lattice in zero magnetic field. The decorated 
bond transformation yields the relation 

Z,AK,. K,, S, L) - {,/ 1 K,,S, L)}'‘’Z{K'. A',) 

(3) 

where is the number of decorated bonds, 

Kr-^JrlkT. L = fiHlkT (4) 
and 

K' = K'(K,.SJ.). (5) 

tn (3) the new interaction parameter K' is 
defined by the transformation equation (5) 
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which following Fisher[3] can be expressed 
in terms of a single function W). 

For our particular model 

( 6 ) 

= smhX{2K,(Sl-\~St)-^L}l 
sinh [2K,(Sl-^S^l]-\-L] (7) 

where X -2S~\-\. The functions /and K' are 
now defined by 

e^^' = .K++)«M“-)/‘l^(T“VK-+) (8) 

and 

j — i//(++)i//( — )i//(+“j!A(- + ) (9) 

where »/i{++) and so on. The 

complete transformation reduces to the 
form 

Z,;= (2S^\)~\f-^Q{K^+aK,) (10) 

where Q is the partition function of the I sing 
model square net in zero magnetic field. 

In the limit -> ^ the above model 

tends to a semiclassical Ising-Hcisenberg 
model of a super-exchange antiferromagnet 
where the non-magnelic spins remain with 
quantum number h We introduce a unit 
vector k in the direction of the magnetic 
field and define the non-magnetic Ising spins 
S/'by 

S; = Vk (11) 

where = ± I. The magnetic spins become 
classical unit vectors S/ and S^." which can 
orientate in any direction. The Hamiltonian 
corresponding to (2) becomes 

-i; S S (^2) 


where SJi J\, J!, and Sfi in 

the limit of infinite spin. 

Again the decorated bond transformation 
is completely defined by iJ/(5’,'\5./';//), 
which is given by 

= ~|exp{[f:,(5,HV)+^]k.S/}dn/ 

(13) 

= sinh(K,(^V’ + V) + /^J/fA',(5,"+5./) + L] 

(14) 

where the range of integration extends over 
the solid angle fi/ subtended by the classical 
spin on the bond. The classical partition 
function is given by 

4l..ssic-nl=/’^''C?(/C'+a/C.) (15) 

where / and K' arc again defined by (8) and 
(9). 

3. TRANSITION FIFXDS AND TEMPERATURES 
In order to discuss the effects of the mag- 
netic field on the various transition properties 
it is convenient to introduce the reduced 
magnetic field //* = fiHjJy I'he variation of 
(i) the critical temperature kTr{a,S)IJi- 
K, (ii) the critical magnetic field 

(a,. S') (TM^), (iii) the transition tempera- 
ture kT^ia.SVJ^ - Kr'iH 0), and (iv) the 
transition magnetic field [T > 0) 

with changes in and the magnetic spin 
quantum number are ail contained in the single 
equation 

exp {2A:'(A:„ /y;) +2a/C,} = l + \/2 ( 16) 

which follows from the solution of the Ising 
model square net. 

The variation of 7, (a)/7\(0) with a for 
values of a between 1 and 1 obtained from 
the solution to (16) is shown in curves (c) 
and (a) of Fig. 2 for the cases S = and 
classical spins respectively. For positive 
ci(Ji> 0 J 2 > increases rapidly with 
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I'ly 2. Lompiirivons of behaviour of 7', (ri )/Tf (0); (a) ihe Classical 
siipcr-exchanfc:c model s.q laUice <b) the I, sing model s q. latlice. 
S -1 (c) ihc super- exchange model s.q lattice, S ^ (d) the Heisen- 
berg model b.c c. lattice. i and (e) the Classical Heisenberg model 
h c c. lattice. 


rr, and for S - ] the change in I\. between 
rr ^ 0 and ~ 1 is given by 

7', (11/7, (b) -:eosh '(14-V2V 

Ind b2V2) - 2-277 (17) 


which is slightly less than the corresponding 
figure of 2 ‘323 for the I sing model square 
net, which has been obtained from the high 
temperature (7 > T,) series expansions of 
the zero field susccptihiliiy [6, 71. In the 
region o -- (I the curves of T, (oj|/7,(d) vs. a 
for various spin values (.S - A ,1, . . . 1 begin 

to show a marked curvature, and from (16) 
we can obtain the expansion 


7',(0) /-■(2X',(())) 


K,Wn{2K,H))) 


(IS) 


where 


F ( y ) - .V coth Xy ~ coth y 


In the case of — i (18) reduces to 

l + l-09‘Jto+()’173»r + 0(rt-'). (20) 

Lor the Ising model square net the linear term 
in (20) has been evaluated from series expan- 
sion data [7] and is 1-35. 

In the negative a region iVi > 0, J 2 < 0) 
where the exchange interactions between 
the non-magnctic spins are antiferromagnetic, 
the critical temperature decrea.ses with 
negative a and becomes identically zero at 
(V — 2.V; for classical spins 1. 

In the neighbourhood of the critical 
point approaches zero according to the linear 
relation 

kT,IJ, - 2(cr-od/!og{A'(l+V2)] a 

( 2 !) 

and for the classical magnetic spins the slope 
at a"' becomes zero, and (21) is replaced by 
the logarithmic approach to zero 


and 


i(AT,/y,)log(AT,/2y,)-a^-a 


f)(y} - cosech^y- A-cosech- Ay. ( 1^) 


a > 

( 22 ) 
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This behaviour in the region of a* is unex- 
pected in relation to what little is known about 
it for other models. There is no reliable 
information on this region for Ising model 
lattices, however there is some theoretical 
evidence available for the three-dimensional 
Heisenberg model lattices. In this case the 
evidence from both a first order Greens func- 
tion approach [8] and a high temperature 
expansion approach [9] indicates that Tda) 
approaches zero very rapidly in the region 
a > a* and that the curves intersect the a 
axis perpendicularly at a*. We have illus- 
trated this in Fig. 2 where we have compared 
the plots of Tr(a}IT,.{0) vs. a for the super- 
exchange model (S = i 5 = with the Ising 
model square net and « > 0), the 

Heisenberg model b.c.c. lattice (5 = 1 and 
a > 0), and the classical Heisenberg model 
b.c.c. lattice. The Ising and Heisenberg 
model curves in Fig. 2 are all based on data 
obtained from series expansion methods [7, 9]. 

Interesting effects can occur in the presence 
of a magnetic field, here (16) can be thought 
of as the equation for the transition magnetic 
field At a given temperature 

below Tr the long range order of an anti- 
ferromagnet can be reduced by increasing 
the magnetic field, and becomes zero at the 
transition field Ht^. At zero temperatures 


the transition field is known as the critical 
field H/. In the region a ^ 0 { 16) yields the 
equation 

/7/=a/5 + 2, a<0 (23) 


hence the critical field becomes zero at a*. 

The curves of H!" vs. kTU^ are plotted in 
Fig. 3 for the case S = i here « is a parameter 
and takes values between -0-6 and 0-5. These 
transition field curves illustrate clearly the 
essential differences in behaviour which exist 
between the positive and negative a regions. 
In both regions decreases with increasing 
temperature and finally becomes zero at 7^. 
In the neighbourhood of 7,.( 7 < 7,.)//* tends 
to zero according to the relation 




2fF(2AV)+«] 


.[UX—\)-D(2K,)r-^ 




(24) 


For a < 0 //f increases as the temperature 
falls below and approaches the critical 
field linearly in the limit of zero temperature. 
The most striking behaviour is shown for 
a > 0 where the transition field becomes 
infinite at a temperature 7^ which is given by 


r„= (AM)M!n(l + V2). (25) 



Fig. 3. The variation of the transition magnetic field /// with tempera- 
ture for S = i with a as a parameter. 
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For a given positive value ofy^, the long range 
order cannot be removed from the assembly 
simply by increasing the magnetic field when 
the temperature is below Tj_, but for 7 > Tr 
this will always be possible. 

4. THK INiKkNAL ENKRtJY, MA(;NETir 
SFEC IFR HEA1 , AND SOSOEPTIBILII Y IN 

ZERO ma(;netic held 
The behaviour of the thermodynamic 
properties of the super-exchange antiferro- 
magnet in the presence of a field have been 
thoroughly discussed by Fisher|2J, particu- 
larly In the neighbourhood of //*, Here we 
restrict the discussion of the thermodynamic 
properties to the zero field case and consider 
the effects of the direct exchange interactions 
on the critical properties of the model. 

The internal energy per non magnetic spin 
is given by 

il/V 

A.',, <«.//)/Wy,. (26) 

rhe behaviour of the internal energy is shown 
in Fig. 4, where UiK^^a^i)] is plotted against 
Ki ‘ for values of a in the range - 1 



f 

I 


1 . .1 i i . -J L L __ J 

0 0 4 08 12 16 20 24 28 32 

K|' 

I'lg. 4 Ihc inlernul energy per non-magnctic spin U 
obuuned fiom (2b) with S - i ploiied iii;ainsl tempera lure 
with a as a paramcler, The dashed curve is the locus of 
the critical point, 


to ()‘8 for the case 5 = i in (26). At zero tem- 
perature the energy is given by 

iimU = HS-h2o: (27) 

j -n 

and decreases steadily from this point until 
a sharp kink is encountered in the region of 
the critical point. The dashed curve in Fig. 4 
is the locus of the critical points. At the 
critical point all the curves have a vertical 
slope (except for the case a = where 
/V~0); beyond 7V the energy decreases 
to zero in the high temperature limit. The 
internal energy is continuous through 7,. and 
for a given a behaves as 

/ 

where is the value of the internal energy at 
/\ , and A depends on « and is given by 

/I = ■ (F{2K\)-hc^y\ (29) 

TT 

At the critical point we can obtain U^ia) 
from (26), which simplifies to give 

U,(a) - /’(2A.', )(2 + V2) + V^2(» (30) 
where for example 

U,((r\ ~ (2 + v'Z ) lanh 2K\ 4- V^2«, 

.V-i (31) 

and 

lJ,(a) = (2+ V''2)(colh2A',-l/2A',) ■(-V2a. 

5-x. (32) 

If we denote the specific heat per non- 
magnetic spin vertex by Cl, then the area 
under the curves of vs. 7 between tempera- 
tures 7, and 74 is given by 

/'V;.d7'= (JJ/c)[U(7\)~Ui7',)] (33) 
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and so (Jxlk)UM) is the area above 7,. under 
the specific heal curve. If we plot the specific 
heat r,' on a reduced scale of temperature 
t{- TIT^) the area under the curve above T,. 
is given by /C(T/^.(a) which is a quantity often 
compared with experimental work [ 10-12]. 
Plots of K^U,,(a) against a are shown in 
Fig. 5 for the cases .V = 5 = 1, 5 = ^ and 

.S' These curves arc also compared with 
the corresponding curve for the I sing model 
square net with ^ and « > 0, which has 
been determined from high temperature 
series expansions [71. 

To discuss the susceptibility x define 
the reduced susceptibility f given by 

^d'\i\Z{K^^ajnidIr (34) 

which in zero magnetic field yields the 
equation 

{DilK,) + 0) +«} 

' “ [7(2/C\)+u} " 

(35) 


From (35) we see that in the critical region 
is closely connected to the behaviour of the 
internal energy, and for temperatures close (o 
rjsof the form 




\7 / " 

T 


where B{a} is readily obtained from (35) and 
(29). In (36) is the value of the reduced 
susceptibility at the critical temperature. 
The detailed behaviour of the susceptibility 
is shown in Fig. 6 where we plot the suscep- 
tibility for various values of a and for the 
case in (35). These curves show that 
the near vertical sections about the kinks 
rapidly decrease in size as a increases, and 
for a > I the transition kink would be prac- 
tically unobservable in these plots. At high 
temperatures f, approaches asymptotically 
the value of 8.S’(.S’ 4- 1 )/3. 

At the critical point (35) simplifies, and the 
critical reduced susceptibility is given by 

1.= {D{2K,)}(\N2+]) 

+ UA'--l)(l-lV2|. (37) 



Fig. 5 The variation of KJJ, with a for ihe cases .S’ - i. 1 , ? and and 
for the I sing model s.q. Uilice with 5 - i 
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CH 0-€ 0 8 1-0 1-2 14 !•€ 1-6 2-0 2-2 24 


Fig. (}. The zero field susceptibility ;^f, plotted against temperature 
w ith a us a parameter and for.V = I. 


In the limit of zero critical temperature 
approaches a finite limit given by 

(Aa'l-- UA'— l)(I~I/V2). (38) 

Although the artificial nature of the present 
two-dimensional model rules out any com' 
parisons with experimental work, the proper- 
lies discussed in these last two sections arc 
likely to retain a qualitatively accurate picture 
of the effects of mixed exchange interactions 
on the transition and thermodynamic proper- 
ties of an antiferromagnet. At the cost of 
losing an exactly solvable model three-dimen- 
sional models could be similarly set up, and 
the standard techniques of series expansions 
and extrapolations! I j could be employed to 
reconstruct the properties discussed above for 
a thrcc'dimensional lattice^ 
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THE ENERGY OF ORDERING IN THE ALLOY CuPt 

CARL M. WU* and BARTON ROESSLER 

Division of Engineering, Brown University, Providence, R, Is. 02912, U.S.A. 

{Re( m'cdll November 1 968; in revised form 5 February 1 969) 

Abstract - I he energy of ordering in the alloy Cu Pt was measured by means of tin solution calorimetry. 
The energy difference between a specimen quenched from above the critical temperature and a 
specimen completely long-range ordered is 1 400 ± 60 calig-alom. 


I. INTRODUCTION 

The order-disorder transformation in the 
CuPt system which occurs in the alloy of 
50 at. % is somewhat unusual, since in the 
ordered condition the number of unlike first 
nearest neighbors is the same as it is, on the 
average, in the random disordered condition 
[1]. Changes in the number of unlike second 
and more distant neighbors must be con- 
sidered if the ordering tendency is to be attri- 
buted to a reduction in pairwise interaction 
energy. These facts have led several authors 
[2-6] to suggest that the ordering may be 
caused, instead, by a lowering of the electron 
energies. Thermodynamic data, which would 
be helpful in understanding the transformation 
are not extensive. In particular, the energy 
of ordering is not known. The present 
investigation describes the experimental 
determination of this quantity by means of tin 
solution calorimetry. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

Preparation of alhys 

('opper of 99-999 per ceni purily (Asarco A-58) and 
platinum sponge of 99 999 per cent (Johnson Mathey 
1010) in ihe appropriate amounls were induction melted 
in a high purity graphite crucible under a protective 
atmosphere of helium. The resulting ingot was homo- 
genized in the crucible by holding between 1250'’ and 
I350'’C for 5 hr. Chemical analysis showed no significant 
composition difference between the top and bottom of 


* Based on u thesis by Carl M. Wu submitted in partial 
fulfillment of the requirements for the Sc M degree at 
Brown University. 


the ingot ; the mean concentration of copper was 24-51 wt. 
%, the stoichiometric composition being 24 57 per cent. 
The resulting ingot was then rolled to produce strip of 
thickness 001 in. 

To produce long-range ordered material, the strip was 
scaled under vacuum in a Vycor lube and held for 
approximately 24 hr ai a scries of temperatures starting 
at 850T { T, = 815°) and decreasing approximately 50®C 
every *24 hr down to 490T. 1 1 was then held for 4 days 
at 490T, cooled to 20(rc in steps over the next two weeks 
and. finally, furnace cooled to room temperature. Re- 
crystallization occurred during this heat treatment to 
give an cquiaxed structure having a mean intercept grain 
si/e of 01 1 mm. Specimens suitable for the calonmetnc 
measurements (approximately ^xixOOlin) and for 
resistivity measurements (approximately I -5 x 0-030 x 
0 01 in ) were cut fiom the ordered strip by a spark 
discharge machine A number of these specimens were 
then resealed in an evacuated Vycor lube, placed in a 
furnace at 877T for 2 5 hr, and then quenched b\ 
dropping the lube into an ice water mixture and smashing 
It as soon as it landed in the quenching tray Ihese 
specimens will be referred to as disordered, although, in 
fact they contain short-range order f7| 

The state of order in the specimens was 
checked by X-ray diffraction and electrical 
resistivity measurements. Back reflection 
X-ray photographs from the ordered speci- 
mens showed superlattice reflections which 
were completely absent in the disordered 
specimens. The photographs were substan- 
tially the same as those shown by Roessler 
and Rayne[8|. 

The results of electrical resistivity measure- 
ments at 24°, *”81°, and - 196°C are presented 
in Table 1. I'he estimated limits of error for 
the resistivity values are due to the limitations 
in the measurements of the specimen dimen- 
sions. The resistivity values at room tempera- 
ture for the slowly cooled alloys are 
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Table 1. Resistivity of ordered and disordered CuPf 


.Specimen 

No 

Temperature. 

/. 

rcT 

Rcsi.stivity^ 

(jLill-cm) 

Temperature, 

T. 

(T) 

Resistivity’^ 

(/itl-cm) 

Temperature, 

T 

(T) 

Resistivity* 

(>d}-cm) 

Temperature, 
coefficient of 
resislivityt 
itilhcm T) 




Ordeied CuPt 




1 

24 4 

10 15 

~K1 

KT5 

-1% 

6'Ul 

0-0188 


24 9 

y 92 

- 81 

K-OI 

-196 

5-92 

0-0181 

3 

24 4 

9 HI 

-Kl 

7-H9 

-196 

5-H5 

00180 

4 

24-^ 


- XI 

7‘87 

-196 

5-77 

0-0181 

> 

25 (1 

9-95 

Kl 

7 95 

-1% 

5 91 

0-()I83 




Disordered (uPt 




7 

2S-5 

91 07 

-HI 

90 23 

-196 

89-37 

0-(K)77 

3 

24-1 

91 

-HI 

91 26 

- 196 

90-39 

o-om)8 

4 

24-{) 

9()-{)2 

-HI 

H9-34 

- 196 

88-46 

0-0079 


*1 im/h of error ' I 4 per cent 

)■ I emperuttn e coefficient cnlculnieti from r* - - > 


substantially the same as the lowest pre- 
viously reported valLicl9) (/> -- 10*15jaI)'Cm) 
and confirm that the specimens were com- 
pletely long-range ordered. The temperature 
coelficient of resistivity for ordered specimens 
IS more than twice that for disordered speci- 
mens, a finding which is similar to that for 
('UtAu[l()|. The resistivity at 24T for the 
ordered alloy is approximately equal to that 
of pure platinum, whereas at ^ 1%T, where 
the value is more nearly just the residual 
resistivity, it has fallen to about bjaiTcm, 
an extremely low value fora transition metal 
alloy. I hese extremely low resistivity values 
indicate that the lattice periodicity in the 
ordered structure was very pcrlect indeed. 

CiiUmmetric mvasuremenis 

I he heals of solution in liquid tin at 466T 
were measured in a tin solution calorimeter 
which is substantially identical to that 
described by Howlett a ai [ 1 1 1- 
The caloiimeler calibnitcd by iidding d known 
weight of (in Irom OX' using 460.^ cal/g-atom for (he 
enthalpy increment from OT to 700" K and a value of 
6-85ca)/g-atoin-c)cg| !2J for the heat capacity above 
7(10'’ K. the temperature w'us measuied with a double 
iron conslantan thermocouple in a Pyrex protective tube, 
it having been found that the Kovar protective cup usually 
usedtlll clctenoraled at these temperatures. The differ- 
ence between the thermocouple signal and a bucking 


potential supplied by a K-2 fH>ientiometer was amplified 
by a Kcilhley I50A microvoltmeter and was then 
recorded on a strip chart recorderl 1 3]. 

I'he temperature first decreased as the cold 
specimen entered the tin bath, and then in- 
creased above that prevailing before the 
specimen was added to the calorimeter to give 
a resulting exothermic heat effect. The 
adiabatic temperature change! II] for each 
addition was computed using a technique 
especially developed for this purpose! 13]. 
Constancy of (he calculated adiabatic 
temperature change indicated that, at 466°C, 
the specimens were in solution in 3 to 6 min. 

Specimens of disordered and ordered CuPt 
were added alternately to the calorimeter 
from a temperature of OT, and the resultant 
heat effects were plotted as a function of 
composition in the bath. The difference, at 
constant bath composition, of the heat effects 
for disordered and ordered specimens yielded 
the energy of ordering. The results of the 
calorimetric run having least scatter, shown 
in Fig. 1, are E,,n\ = I409cal/g-atom. Two 
other runs gave values of 1 340 and 1460 cal/g- 
atom as the energy of ordering. On the basis 
of these measurements the energy difference 
between disordered and ordered CuPt is 
1400 ±60 cal/g-alom. 
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WEIGHT OFSOLOTE IN BATH, GB^M5 IN 4006»UWIS OF TIN 

\\g. 1, Heat effeet of ordered and disordered GuPl in tin at 
4fi(>‘X' as a function of vvei|ihl of soluic in hath. 


DISCISSION 

The only previous thermodynamic measure- 
ments with which the results reported here 
can be compared are those of Oriani and 
Miirphy[14| and of Weibke and IVIatthesfI5). 
Oriani's extrapolation of his data on the en- 
thalpy of formation of disordered specimens 
suggests a value of about 800cal/g-atom for 
the energy difference between disordered and 
ordered specimens at 640X\ From measure- 
ments of the temperature dependence of the 
c.m.L, Weibke and Matthes suggest a value 
of 910 cal/g-atom for the difference between 
a disordered specimen at 800°C and an 
ordered specimen at 550°C and about 800 
cal/g-alom when the ordered specimen is at 
650T. Since the ordered specimens in these 
previous investigations had a degree of order 
corresponding to temperatures of 640°, 
550°, and 650°C, respectively, and hence 


were not fully ordered|7|, it is to be expected 
that the energy differences of 800-910 
cal/g-atom are considerably smaller than that 
determined here. 

Since the alloy used here was very slowly 
cooled it is reasonable to assume that the 
cooling rate was sufficiently slow to allow the 
establishment of equilibrium at temperatures 
several hundred degrees below the critical 
temperature for long-range order. There will 
then be some minimum temperature for which 
atomic diffusion is sufficiently rapid so that 
equilibrium occurs in the time the cooling 
rate allows. T he degree of order in the slowly 
cooled alloys used here, then, may be thought 
of as equal or greater and, in fact, considcrablv 
greater than that characteristic of this ‘lowest 
equilibrium temperature.' Although the resis- 
tivity, of course, depends in a complicated 
way [16] on details of the electronic structure 
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such as the number and kind of carriers, and 
not just on the periodicity (or the scattering 
probability), the resistivity measurements 
suggest that the lattice was very perfectly 
ordered in the slowly cooled specimens used 
here. The state of order in the quenched 
specimens was undoubtedly greater than that 
which would prevail in equilibrium at the 
quench temperature of 877^. It is evident, 
however, from the resistivity and X>ray 
measurements (see also 17] and |8]) that no 
long-range order was present in the quenched 
specimens. The energy difference of 1409 
cal/g-atom, then, corresponds to the difference 
between an alloy containing only short-range 
order and one which is perfectly long-range 
ordered. 
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AND IONS IN ANHYDROUS ZEOLITES 
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Abstract- From heats of ion exchange of hydrated zeolites with aqueous solutions of ions, heals of 
immersion of dehydrated zeolites, and heals of hydration of gaseous ions, it has been possible to 
obtain heals of ion exchange between a gaseous ion and a second ion in an anhydrous zeolite for 
zeolites A', L, A and chabazite. I’hese heats arc considerable, and their significance has been discussed 
in relation to several aspects of zeolite chemistry, including solvation energies of gaseous ions in some 
anhydrous and hydrated zeolites. 


1. INTRODUCTION 

Thermodynamic and thermochemical data 
have been obtained for cation exchange 
between certain inorganic exchangers and 
aqueous solutions! 1 -41. However, to interpret 
these data in terms of the binding energies 
between the cations and the anionic frame- 
works, one must consider not only interaction 
between the exchanging cations and the 
anionic frameworks, but also between the 
cations and solvent molecules, both in the 
hydrated exchanger and in the external 
solution. Although hydration energy differ- 
ences for cations in solutions are well 
established, it is only recently that data 
have become available for the differences in 
the heats of solvation of two cations in a given 
hydrated zeolite[2-4]. However, in view of 
the notable catalytic activity of anhydrous 
molecular sieve zeolites, and of the part which 
the cations may play in catalysis[5], much 
interest centres upon the energetics of binding 
of different cations within the anhydrous 
structures. 


2. HEATS OF ION EXCHANGE JN 
ANHYDROUS ZEOLITES 

One approach to the energy of cation 
binding requires evaluation of heats of ion 
exchange between a gaseous cation of element 
A and a cation of element B within the 
anhydrous zeolite lattice. This exchange is 
represented by the equation: 

/i (Z) +-[ . /l' * (gas) I . .4 (Z), + B Ugas) 

( 1 ) 

In equation ( I), /l^^, are the exchangeable 
cations and (Z) is one equivalent of solid 
anhydrous anionic framework. The ion of A 
has charge and the univalent ion initially 
present in the exchanger, i.e. B\ is Na+. The 
heat. A//, of the reaction in equation ( 1) is an 
indication of the differences in the binding 
energies of the cations in the anhydrous 
zeolite. This heat cannot be measured directly 
but can be determined from experimental 
quantities by the following thermochemical 
cycle: 


BiZ) + /f^Ugas)^f /f(Z), 




A//;r. 


/^Mgas) 


1 , 


-A//r. 


A//^ 


BIZ), n," H., 0 + rZ = Haq) — . -[Z ( Z ) , , :. n/ HjO] + B Maq) 
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/^(f^ Uwdirj 

.^ssssisa^ Jy^f^/^jrJ^y^/^^/jT/^^ "^•”- 

chme/y; J^r 

^»S"SlUf I 

^OT iV\e r ' V’ ■ exchange (whether positive or negative) are normally 

Ciion involving the hydrated in the sequence: 

ICOulC^ &(\d aqueous solutions, are 

\\\t t\Utt\beVS of water molecules per equivalent chaba/ite /.eolite A , /'eolile A' , zeolite I . 
of exchanger atlcr equilihral/on uiih watci 

un^cr SUM condM 1 1 They iv/cT to The large niimerica) magnjiudes of A// 
tntinct ysUf //me only :ind do not include re/Jec/ /he ve/y energt/jc nature o/ iljc 


water molecules atfacheJ to the externa/ sur- 


The large niimerica) magnitudes of A// 
reficci the very energetic nature of ilie 
‘soivat/on’ of cations by the anhydrous zeolite 


face of the crystals. The measured heats of frameworks. The anionic oxygens in a/um/no- 
immersion are the heats for the complete silicates are rather similar to the anionic 
saturation of the dehydrated crystals, and oxygen in water in solvating properties such 
therefore include any heat evolved during as polarity and polarisabiirty. Solvation of an 
surlace hydration. It has been shown pre- ion by anhydrous zeolite is therefore very 
viously ( i -4| that these surface heats are small energetic, but because of the lattice rigidity is 
and contribute less than 1 per cent of the total somewhat less so than solvation in water since 
heat ot immersion for the zeolite crystals the oxygens of the mobile water molecules 
employed. T hus they need not be considered can group closely around the ion. T he energy 
here. of solvation of an ion by hydrated zeolite 

biom the heat cycle, one may determine should lie between the other two, since the 
A// of equation (Mas ion is solvated in part by framework oxygens 

and in part by water. This is shown by the 
A//-' A/yJ!,/,- .Af/n/, values of A/T'11'4]. For each zeolite 

' J the curve of A// against the Pauling ionic 

f - A//'' - -AZ/'w f-A/V” P) radii (Fig. I ) is comparatively smooth, with 

‘ ^ the possible exception of that for Sieve A. 

,1 , I j 1 , t' 1 . u Also the curves for uni-univalent pairs are 

1 he standard heat or complelc exchange, „ , . ^ 

<r.u , . If • 4 r , . I f’ well above those for iini-divalent pairs. For 

111 has been obtained toi several cation , , . , . 

,• ,1 iMi vni those zeo lies that have mixed cation compo- 

paii^ in synthetic /collies /!( 1]. .\121, ) |3| • r u u 

1 . , III , rn ij f I ■ , sitions, (labe IK the ionic radius has been 

and m natuial chabazitc[41. Heats ol iminei- , \ ^ 

, TfU. ^ taken as that Of (he most abundant ion. A// tor 
Sion ol various cationic toims ol the same , ... • • i 

. r u . 1 , the Lini-umvalent ion pair Nu^ and Lr ex- 

/colilcs in anhydrous lorm have recently , . , , , . 

. ui.uui, u, changing between gas phase and water is more 

been moasuicd|b], while the hydration heats , v, . , u i » 

•, ui.ni negative when Na* eaves the water and Lr 

o( gaseous ions are readily availahlet/j. The ^ ^ ^ , 

, r V ij j I' ui 1 enters than is A// for the same process in the 

valucsot A//arethcnsLimniariscd in [able 1. , , ... . I* , 

anhydrous zeolites, likewise tor the same 

i. DISCI SSION or TMMK I reaction involving Na* and either KK Rb^ or 

Several points emerge from fable 1 . i s \ All is more positive. This indicates that 

(a) fhe heals of exchange. AIL of gaseous solvation energies of gaseous ions in water 

ions with anhydrous zeolites arc approxi- are greater than these energies for corres- 

malely ten times larger than these heats when ponding ions in anhydrous zeolites, 

exchange occurs between aqueous solution As mentioned above, the curve for Sieve .4 


I he standard heat of complelc exchange, 
AIL' has been obtained foi several cation 
pairs in synthetic /colilcs /-111]. .V121, )T3| 
and in natuial chabazitc[41. Heats of immer- 
sion of various cationic forms of the same 
/collies in anhydrous form have recently 
been moasuicd|b], while the hydration heats 
of gaseous ions are readily available [7|. The 
values of A// are then summarised in fable 1 . 

i. DISCI SSION or TMMK I 
Several points emerge from fable 1 . 

(a) fhe heals of exchange. A//, of gaseous 
ions with anhydrous zeolites are approxi- 
malely ten times larger than these heats when 
exchange occurs between aqueous solution 


and hydrated zeolites. is less smooth. Before measuring the heals of 

(b) The sign of A// is always opposite to immersion[6] the zeolites were heated at 
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} lij 1 V.fnaiion id' ^f/ with ionic uidnis for e;< change in 
several anhydrous /eoliles # In chaba/itc, ■ in Linde 
Sicva . i ? Ill I inJe Sichos X and K, diftcTcnccs in the 
he.ils of solvation of two ions in water, i e. 

J.A//';,,, 

360' (' in Via no for 24 hr. During this oul- 
giissing st>nic LlccomposJlion of certain cation 
fortns IS possible. Our heals of immersion [6) 
arul also those from elsewhere [K], both 
suggest that the partly exchanged Na, Hh~A 
form may have decomposed although this was 
not veriHed by X-ray diffraction. Sherry and 
Walton |V| found that Ba-W. oulgassed at 
3^0 '(■ in dry air. failed to sorb //-hexane or to 
resorb water, and that X-ray powder diffrac- 
tion patterns indicated loss of crystallinity. 
Also relevant to MI values in Sieve A is the 
degiee of exchange of the mixed Na, Rb-/4 
and Na, ( zeolites, ['he exchange compo- 
sitions given in I'able 1 for these forms are 
based on an experimental exchange capacity 
corresponding with l^ths of the total Na^ 
content fJ). In the evaluation of A/V from 
equation (2) the values of A//'" correspond 
with these exchange limits|IJ for the 
kb and Na Cs exchanges. However, in 
view of the sigmoid shape of the isotherms for 
ion exchanges between hydrated zeolites and 
aqueous solutions it is likely that the Na, 
Rb*A and Na, Cs-A samples used to measure 


the heals of immersion [6] contained more 
residual Na'^ than given by the compositions 
of Table 1. For these reasons we regard the 
subsequent results for Sieve /I as less accurate 
than for the other zeolites. 

The similarity in A// for a given ion-pair in 
anhydrous zeolites X and Y is interesting in 
view of the difference in framework charge 
and cation density within otherwise virtually 
iso-structural crystals. Exothermal electro- 
static energy components (ions with anionic 
oxygens) and endothermal components (ions 
with ions) evidently add to about the same in 
each zeolite independently of possible differ- 
ences in cation distribution. One may also 
compare the sequence in AW given in (c) above 
with that for standard heats, A of complete 
exchange between aqueous solution and 
hydrated zeolite. For the uni-univalent 
exchanges at least, this sequence ( l”41 is 

chaba/ite > zeolite /f > zeolite A”, zeolite Y 

and so is the reverse of the sequence for A//. 

Because AW for univalent ions in chabazite 
has its lowest numerical values (Table 1) the 
binding energy of these cations is on average 
likely to be less than in the other zeolites. 
This in turn indicates that a larger proportion 
of cations in chabazite is less well solvated by 
anionic oxygens (see also Table 5). The more 
exposed the cations the greater the electric 
fields in their vicinity. This should mean more 
energetic sorption and enhanced catalytic 
activity. Exceptionally strong affinity is indeed 
shown by chabazite for polar sorbales such 
as CO.[10] and H^Olllj. Also Miale ei 
u/. [121 have established that an ammonium- 
hydrogen chabazite is a superaclive catalyst 
for cracking //-hexane into propane and 
propene, despite the more difficult accessi- 
bility of its intracrystalline channels as 
compared with those in zeolites X and Y, 
Univalent cations in chabazite have not been 
located but some ions are believed to be in the 
large cavities either in or near the 8-ring 
windows 11 3], In zeolites X and ^[14, 15] 
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some univalent ions are thought to be inside 
hexagonal prisms or sodalite cages where 
they are less exposed than ions in the lar* 
gest 26-hedral cavities. In anhydrous X and 
Y binding energies of ions in the former sites 
might be expected to exceed those of ions in 
the 26-hedra. 

ESTIMATION OF LOCAL DIELECTRIC 
CONSTANTS 

The electrostatic self-energy, U,, of an ion 
/ of radius and valence Z( in a continuum of 
dielectric constant e is 

I65-98Z/ 

2r,e "■ 

where r, is in A units and IJf is in kcals/g. ion. 
Values of /*, according to three methods of 
estimation are given in Table 2, together with 
the corresponding values of Ui in vacuo 
(f- 1). 

An approximation to the energy or heat of 


and have radii and which are the same 
in both zeolite and gaseous phases then* 



where e^, are the dielectric constants of 
the pure ion exchangers AiZ}^ and B(Z}. 
This model is simple in principle although 
possibly only semi-quantitative in application. 
It is however the most useful because no 
information is required about the geometrical 
arrangment of cations. Indeed cation siting 
and the relative populations of sites in the 
zeolites are not well understood, nor is the 
distribution of charge among Si, A1 and O 
atoms of the anionic framework. As a further 
approximation we have taken 
This is justified at least in chabazite if we 
consider the relationship e = where n is the 
high frequency refractive index. In hydrated 
cationic forms of chabazite n varies only to a 
limited extent with the exchange ion (Table 3). 


Table 2. Cationic radii and self potentials of ions in vacuo 


Llecli'osuuic self potential^ 
loniiidius(A)' (Kcals/g ion) 


( alion 

(i) 

(II) 

(iii) 

(1) 

(M) 

(III) 


0-60 

()-78 

0 93 

276 6 

212-7 

178-5 


0-95 

0-98 

1‘17 

174*7 

169 4 

141 9 


1‘33 

1-33 

1'49 

124 8 

124 8 

111-4 

Rh^ 

1 48 

1 49 

164 

112 \ 

1114 

101 2 

(\s‘ 

1 (>9 

1 65 

1-S3 

98*2 

1(H)6 

90 7 


'(0 huilinji radii, (ii) (.ioldschmidt radii, (lii) radii from electron density 
mapsl 161. 


Table 3. Refractive indices of pure cationic forms of chahazitelll] 


('ationic form 

n 

("alionic form 

/I 

('aiionic form 

n 

li 

1-472 

Ca 

1-486 

Cu 

1-497 

Na 

1-467 

Sr 

1-490 

Ag 

1-516 

K 

Rb 

1-472 

1 476 

Ra 

1 499 

II 

1-559 


the exchange reaction in equation (I) is 
obtained by treating the zeolites as structure- 
less dielectrics. Assuming that the ions 


+ More strictly AW is a free ener^-y However equation 
(4) is found experimentally to be more successful in the 
evaluation of heals or energies than free cncrgicsl2, 31. 
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The values of n in Table 3 are upper bounds 
only, since when the zeolitic water is removed 
n should decrease. 

The dielectric conslanis. e. adculated from 
equation (4) with - e„ - e, are given in 
Table 4. At first sight they appear low com- 
pared with the macroscopic dielectric 
conslantsf I8|. However, they are near to 
values found from t - ir and to the dielectric 
constant of water ’ calculated from Born 
charging theory: 


gaseous ions in anhydrous zeolites. To obtain 
individual heats of solvation a further relatimi 
IS required. Therefore tve have assumed that 


and hence that 

-A//V 

A77fc„7 “ I^-AHV 


A//, 



(3) 


-A// 


(7) 


Tnhic 4. Calnilalcd (liL'U’clric const tints of the zeolite phases ' 




( huha/ilc 



1-inde Sieve X 


( ddofi puir 

(1) 

(li) 

(IK) 

(i) 

(II) 

(III) 

Na'/I C 

1’^ 

2'2 

2 K 

1 3 

2 3 

3 0 

N;i’/K' 

l>4 

1 S 

1 X 

1 

!■(> 

2'3 

N.i7Klv 

l^ 

1 4 

1-7 


1 h 

2 1 

Na7C b 

1 4 


1-X 

I'fi 

\ X 

2 3 



1 Hide Sieve Y 



1 Hide Sieve,*! 


N;i7! r 

1 A 

2 4 

VI 

1 3 

2-5 

3 2 

Na7K 

1 

! 

T T 

1 f> 

I 7 

2 5 

Nr/Rh- 

I'll 

1 6 

2 1 

I 4 

I 4 

1*7 

N<C/t b' 

1 (> 

17 

2 ^ 

1-6 

1-7 

2-1 


’ I he columns (nhcllcti (i). iii), mil coiicspond lo (ht>so simil.nly hendL’d in 
lahiu: 


IVom equation (5) is thus well below the 
macroscopic value of 7S-5 at 25 T. in the 
imnicdialc vicinity of ions, i.e. at distances 
less lhan . A, (here is a remarkably high 
ciccinc held ( 10' Vein 'I resulting in local 

dielectric saturation. Other estimates of this 
local dieleeiric constant of water also give 
values comparable with those of Table 4 for 
the zeolitcsl 19). The nearest neighbours to 
the cations in zeolites are anionic oxygens 
(as for cations in water), and therefore it is 
not surprising that values of € are similar to 
those of calculated from equation (5) or 
reported elsewhere 1 1 7 ]. 

in Table I measures the difference 
between the heats of solvation of pairs of 


7'he superscripts a and fi denote solvation in 
the zeolite and hydration in water respectively. 
Since A//, A/yli,,t and AW^ the ion 
are known, is obtained from equation 

(7). Four values of A//|^,d can be obtained for 
each zeolite, for — Fi^, K\ Rb’ and Cs ’ , 
and the test of equation (6) is that AZ/Ja * does 
not change significantly over the four values. 
For zeolites X and Y the maximum deviation 
of A/Z^,at from the mean value is <10 per 
cent. In zeolite A , because of suspected break- 
down of the Rb-enriched form {loc. c/V.) only 
three values were taken, and the maximum 
individual variation of any of these from the 
mean was again <10 per cent. In chabazite 
derived from the Na^/Li^ pair was 
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also out of line and was therefore not con- 
sidered. The maximum deviation from the 
mean for the remaining three values was 
-- 1 per cent. Using the mean value of 
and equation (6) the individual heats of solva- 
tion of the gaseous ions (Table 5) were 
then calculated. As predicted in discussing 


For none of the zeolites was the maximum 
deviation from the mean more than 2-5 per 
cent, so that equation (8) appears well justi- 
fied. Using the mean heats of solvation 
for the other ions were then calculated from 
equation (8). All the values are collected in 
Table 5. 


Table 5. Heats of solvation of gaseous ions by water and by :eolite frameworks 


Hciit ofsolvahori ot'gascoiis ion {kcal/g ion) 


C ation 

In Chaba/ilc 

In Sieve .V 

In Sicv'i 

cY 

In Sieve /-I 



Hydiated 

Anhydl 

Hydrated 

Anhyd 

Hydraied 

Anhyd 

Mydialcd 

Anhydl 

1 n Water 

[ E 

117 9 



-I22'7 

-111-6 

-123-4 

-117 0 

118-4 

-117-4 

132 0 

N.C 

94-6 

68-4 

-98 '4 

-89-5 

-99 0 

-93 8 

-95 0 

-94 2 

-105 9 


-76 6 

--VV4 

79'6 

-72-4 

80 1 

75 9 

76 9 

76-2 

-85 7 

Rb* 

-71 3 


74-1 

-67-4 

74'6 

■70 7 

-71 6 


-79-8 

Cs' 

- 64*2 

-46'4 

-66 6 

6a 8 

-67-2 

63 7 

-64-5 

-64-0 

-71-9 


* 'l he hpurcs for ion hydialion hiive been delermined rrom the rehtlive heuts of ion hydiation| 7j by snhtriicimg 
the absolute heaiof piolon hydration, i.e. 7 kea!/g ion[ 

+ Values htive been determined by ignoring the Na/Li system 
’I Values have been determined by ignoring the Na/Rb system 


Table I, the heat of solvalion by chabazite is 
less exothermic than for the other zeolites, 
the sequence of cxothermicity being 

Water > Sieve > Sieve Y > Sieve A' 

> Chabazite. 


As predicted in discussing Table 1, the 
individual heats of solvation of a given ion in 
the hydrated zeolite lie between those for 
solvation by anhydrous zeolites and water. 
The sequence of exothermicity is now 


From the heats of ion exchange between 
hydrated zeolites and aqueous solutions, 
together with the heats of hydration of gaseous 
ions, individual heats of solvation of gaseous 
ions by hydrated zeolites can also be esti- 
mated. To do this we again assume 

AT/;. 

^ jOj 

A//(;,, A//V 


where the prime now indicates that the solva- 
tion is by the hydrated zeolites. From equation 
( 8 ) 


A//L' (A//a,i-A//V)’ 


|9) 


As before four values of A7/Ci- were 
obtained for = Na\ Rb^ and Cs^. 


Water > Sieve Y > Sieve A' > Sieve 

“ ' Chabazite. 

The increase in exothermicity of ion solvation 
is now greatest for chabazite, supporting the 
view already given that the cations being 
solvated are on average more exposed in this 
zeolite than in the others. 

The information in Table 5 is of consider- 
able interest because it provides the first 
relatively direct estimate of ion-bonding in 
anhydrous and hydrated zeolites. 
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ELECTRIC AND MAGNETIC PROPERTIES OF B2 
STRUCTURE COMPOUNDS: NiAI, CoAl 

S. R. BUTl,ER,* J. E. HANLON and R. J. WASIl.EWSKlt 
Central Research Department^, E. I. du Pont de Nemours and Company, Experimental Station, 
Wilmington, Delaware 191^98, U.S.A. 

{deceived 6 January 1 969; in revised form 3 Fehriuiry 1 969) 

Abstract - Electrical resistivity, thermoelectric power, and magnetic susceptibility or magnetization 
have been measured at room temperature and below on compositions surrounding NiAI (49-5 1 at % 
AI) and CoAl (42-54% Al). The resistivity-composition plots show a minimum near 50 per cent. 
The slopes of the p vs. composition plots are markedly different on opposite sides of the minimum. 
The thermoelectric power is w-iype with a distinct shoulder at .M) per cent. NiA! is Pauli paramagnetic 
for all compositions as is CoAl for Al-nch compositions Co-nch CoAl is ferromagnetic with the 
magnetization approaching zero at about 50 per cent, These results arc used to suggest a qualitative 
energy band model, f he main features of this model are similar to those of Goodenough, i.e a broad 
hybrid s-n band and several narrow tf-bands formed from transition metal atomic orbitals. 


INTRODUCTION 

The ordered b.c.c. (B2) structure com- 
pounds NiAI and CoAl have been the subject 
of several studies of physical [ 1^6] and 
mechanical properties [7, 8]. One of the most 
interesting features of these materials is the 
large composition range over which the 
ordered structure is stable [9]. This range is 
not symmetric with respect to the equiatomic, 
being much larger in the Ni- or Co-rich side. 
In addition, the ‘defects’ responsible for non- 
stoichiometry are different [10- 1 2]. Similar 
defects have recently been reported|13] on 
the related compound NiGa. 

The measurements reported include elec- 
trical resistivity, thermoelectric power, and 
magnetic susceptibility or magnetization for 
compositions within the respective stability 
fields, 'rhe results suggest that substantial 
changes in the electronic structure occur over 
the stability range. 

preparation of samples 

The samples were prepared from high purity 
elements [Ni 99-9+%,§ Co 99-9+% Izone- 

■^Now at National Science Foundation. Wa.shingUm, 
D.C 

tNow at Batlellc Memorial Institute, Columbus. Ohio. 

4CRD Contribution No 1491. 

5A1I compositions in atomic percent (at, %). 


melted), Al 99-999%]. The only impurities 
present in amounts >50 ppm were Fe and Co 
in NiAI at 200 ppm each and Fe and Ni at the 
same level in CoAl. The elements were com- 
bined by repeated non-consumable arc 
melting under gctlered argon. Balance of 
materials was used to check maintenance 
of composition. In all samples the resulting 
uncertainly in composition was < ±0-05 per 
cent. The composition range was 49-51% Al 
for NiAI and 42-54% Al for CoAl. X-ray 
and metallographic examination showed all 
samples to be single phase with the ordered 
B2 structure. High-temperature X-ray studies 
showed NiAI and CoAl to be ordered to 
I200T. Annealing at lOOOX" for over 
100 hr and rapid cooling did not afiecl the 
microstructurc or physical properties signi- 
ficantly. 

KXPERIMENTAl. METHODS AM) RESULIS 
The techniques used to measure electrical 
resistivity and thermoelectric power have 
been previously described! 14]. The accuracy 
of the measurements is 2 per cent for resis- 
tivity and 10 per cent for thermoelectric 
power (the precision of these measurements 
is 0-2 and 5 per cent, respectively). The 
uncertainty bars shown in Fig. 2 for CoAl 
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are much larger because of difficulties in pre- 
paring samples with good geometry. The 
results are presented in Figs. 1-4. The magne- 
tic susceptibility measurements for NiAl 
were made with a Faraday balance at fields up 
to S KOe. and are accurate to 2 per cent 



I ig. 1 luMstiviiy ()l nickd iiliimmurii 'scimples 

amiGtlcJiU 1000 r. 



Fig 2. Flcclncjil resistiviiy of colxill dluminum sdniple*) 
annealed at lOOOT 



Composition, % At 

J'ig. 3. rhernioelecirie powcrof nickel aiuminum samples 
in as cast and annealed conditions 



Fig 4. Thermoelectric power of cobalt aluminum samples 
in as cast and annealed conditions. In the range 48-5! per 
cent the two sets of points are within experimental error. 
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(Fig. 5). The magnetic field dependence corre- 
sponded to <5 ppm ferromagnetic nickel. The 
magnetic measurements on CoAl samples 
(Fig. 6) were made with a vibrating sample 
magnetometer [22]. The accuracy is related 
to the magnitude of the effect observed and 
is indicated by uncertainty bars in the figure. 
The isothermal field dependence of the 
magnetization and the temperature depen- 
dence of the magnetic moment indicate that 
the samples with ^49% A1 were ferro- 
magnetic. 

DISCUSSION 

NiAl 

The resistivity shows the expected mini- 
mum, but at a composition of 50 4% Al. This 
deviation from the ideal stoichiometry may be 
interpreted in terms of the suggestion! 1 1] 
that the slightly Al-rich composition, which 
has the maximum lattice parameter, also 
has the minimum lattice defect concentra- 
tion. The occurrence of a minimum defect 



Fig. 5 Magnetic susceptibility nickel aluminum samples 
annealed at lOOOT. 



Fig. 6. Magnetic susceptibility and satin ation magnetiza- 
lion nf cobalt aluminum samples in the as cast condition 
The horizontal arrows on the curves indicate that the 
magnetic moment results (on the left) are read on ihc scale 
on the loft and susceptibility results (on the right) are 
read on the scale on the right. 


concentration off ideal composition may 
result from interactions between order- 
disorder defects and those due to deviation 
from the stoichiometric [12J. These results 
are consistent with low temperature resis- 
tivity measurements on a float-zone grown 
[151 single crystal (.50 0%' AI) of at least com- 
parable purity [7]. Even carefully annealed 
crystals have never had resistivity values at 
4-2°K below l/xHcm. The general trend of 
the results at 2WK is not completely con- 
sistent with the results of Yamaguchi ct al. 
[4, 16]. First, their maximum resistivity 
ratio is at a slightly Ni-rich composition, 
which does not agree with our results. Second, 
because of their widely spaced compositions, 
they have not seen the dramatic differences in 
the slope of the p vs. composition plot on 
either side of the minimum. For both NiAl 
and CoAl the increase in resistivity for Al- 
rich samples is very much less than for the 
transition metal rich side. It appears that the 
transition metal vacancies present (in Al-rich 
samples) have a much smaller scattering 
power than the transition metal antistructure 
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atoms present in Al-deficient compositions. 
We shall return to this point after considering 
the magnetic properties of CoAI. 

The magnetic susceptibility reported here 
for Al-rich compositions is consistent with 
the value given by Hdhl[51 for a single 
composition (50-1% Al). The rapid decrease 
in the thermoelectric power (T.E.P.) at 50% 
can be interpreted 1 17] as either a rapid 
change in the density of states vs, energy 
or a change in the area of the Fermi surtace 
due to contact with a Hrillouin zone boundary. 
One Hall effect measurement on a 50 0 per 
cent sample at 2^8“K gave R-}'2±0 \ 
X 10 '"'cm VC. If this value of H is converted 
to a carrier density for a single band (i.e. 

one finds /i 4-7 carriers per NiAl. 
The large apparent carrier density and the 
compositional dependence of thermoelectric 
power imply that a single band and/or a 
simple Fermi surface docs nut exist in this 
compound. I'his conclusion is further 
slrenglhened by the c]ectrt)nic specific heat 
measurement 13], which gives a calculated 
density of slates of 1/2 eleclron/eV/NiAl. 

C'oAI 

I he above discussion of lattice defects and 
band slruclurc should apply generally to CoAI 
as well. I'he resistivity data of Yamaguchi 
i't u/.|4| are rather incomplete but show the 
same general trend, i.e. minimum near 50 per 
cent. However, as noted above, they have not 
reported the flat region for small excess Al 
compositions. I heir resistivity values arc all 
about an order of magnitude larger than for 
NiAl, in disagreement with our values: The 
difference found hero is only a factor of 2. 
If this increase from NiAl to CoAI is duo to 
defect scattering as suggested by Yamaguchi 
ct (iL\4] the defect content must cither be 
much larger or the scattering power per defect 
must be greater. No information is available 
on the relative defect concentrations at 
present. However, the dramatic difference in 
magnetic proper lies implies significant 
differences in electronic effects, which favors 


the differences in scattering power as the 
origin of the resistivity differences. The drop 
in T.E.P. (Fig. 4) for CoAI is much more 
pronounced than in NiAl and, as noted above, 
may indicate the appearance of hole-like 
behavior or a shoulder in the density of states. 

The magnetic properties observed in CoAI 
are also much more striking (Fig. 6) than for 
NiAl. The ferromagnetism observed for Co- 
rich compositions has not been observed 
previously. Hbhl[5] showed data for a 50T% 
Co sample with a paramagnetic Curie tem- 
perature of 30°K. This is not consistent with 
our results. Extrapolating our 4‘2''K data for 
(T vs. \IH to zero gives saturation moments 
between T5 and 2-5 per excess cobalt 
atom for the data between 42 and 49-0% Al 
(the 49-5 sample was far from saturation 
at lb KOe). The magnetization varies 
nearly as .v- for positive x defined in terms of 
the composition by Al, j.. The minimum 
resistivity for CoAI also does not occur at 
50 per cent but at an Al-rich composition 
(51-52 per cent) which is close to the maxi- 
mum lattice parameter compositionfl 1]. 
We may thus speculate that the defects 
(antislructure atoms) which give rise to the 
ferromagnetic behavior are also the scattering 
centers responsible for the high electrical 
resistivity. 

Finally we consider several aspects of a 
simplified electron energy band scheme for 
these materials along the lines presented by 
(joodenoughi 19]. We do not consider the 
‘classical 3:2’ electron to atom description 
(Hume-Rothery(18]) realistic since it neglects 
two important features of these materials, 
namely the effect of the atomic order on 
Brillouin zone boundaries and the impor- 
tance of the J-bands in determining the 
stability of the structure. 

First, following Goodenough, we consider 
the broad conduction band to be a hybrid 
band of .v and p states. This means the first 
b.c.c. zone (110) will contain 8 electrons/ 
atom instead of 2 as in the s band of the ‘classi- 
cal 3:2’ model. Since the first zone of the 
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ordered B2 structure is bounded by (100) and 
contains half the volume of the (110) zone it 
should contain four electrons/atom. The 
volume ratio of the inscribed sphere to cubic 
zone is 7r/6 and thus would contain 47r/6 
= 2-1 electrons/atom. If we assume the num- 
ber of electrons contributed to this band to be 
3 per aluminum and 2 per transition metal, 
there would be 2-5 electrons/atom in this 
zone. An 8 per cent increase in the radius 
of the inscribed sphere would have sufficient 
volume inside the (100) zone to contain 2'5. 
We would therefore postulate a Fermi surface 
which contacts the (100) zone boundaries 
in (100) directions. This Fermi surface will 
therefore have electron-like and hole-like 


portions with the former in the majority 
(to be consistent with the T.E.P. data). 

Secondly, turning to the (^-electrons we 
use the same choice of coordinates as 
Goodenough[19] so that / orbitals point 
toward nearest neighbors while e orbitals 
point toward next-nearest neighbors. Since 
the nearest neighbors to a transition metal 
atom are aluminum atoms (the stoichio- 
metric composition is considered first) with 
no d electrons the / orblals will be undis- 
turbed and full, The e orbitals pointing 
toward next-nearest neighbors, i.e. a transi- 
tion metal, will have some overlap and form a 
narrow band with a bimodal character for the 
density of states (bonding and antibonding). 



(B) 



Fig. 7 Schematic density of states plots for nickel aluminum 
and cobalt aluminum. (A) Applies to the stoichiometnc com- 
pounds. (B) Indicates the positions of the fZ-levcIs of the transi- 
tion metal atoms which occupy aluminum atom sites m 
non-stoichiometnc compositions 
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Since the transition metal has given 2 elec- 
trons to the s-p band the filling of the c/-bands 
will be for Co and fe- for the Ni. The 
filling of the e band to 1/4 and 1/2 for Co and 
Ni is considered to be the important contri- 
bution to the stability of these ordered B2 
structures. For Fc the v band is empty, so 
FeAI is not very stable, as the phase diagram 
demonstrates |91. A simplified (one-dimen- 
sional) density of stale vs. energy plot for this 
model is given in f ig. 7(a). 

The last important consideration is the posi- 
tion of the ‘^/-lcvels’ of the excess transition 
metal atoms which go onto aluminum sites in 
the non-stoichiometric compositions. First 
we can feel fairly sure that the / orbitals 
will be strongly affected since they will 
overlap the full (C) orbitals of the nearest 
neighbor transition metal. Thus there will be 
splitting of these levels and localized /-bond- 
ing will lake place. For CoAl, since the lower 
half of the e-hand is only half full, electron 
transfer to this band is relatively easy. For 
Nt.M, the lower half of the e band is full, so 
llic local electronic rearrangement requires 
more energy. We show in Fig. 7{b) a possible 
arrangement for these wrong atom d levels. 
I he levels of the wrong atom will point 
luw'ard nexFnearcst neighbors which are 
aluminum atoms and will thus be completely 
localized if occupied. We have positioned the 
e-lcvcls in a way that is consistent with the 
observed magnetic measurements: the 
observed magnetic moment of excess Co in 
C'o.M is 2 Bohr magnetons/execss atom 
(o') while no ferromagnetism is observed 
in NiAl (e'). 

The high density of empty (/-stales at the 
F'crmi level in (\)AI should enhance the s-d 
scattering, consistent with the higher resis- 
tivity of stoichiometric CoAl compared with 
NiAI, Finally we suggest (hat the strong com- 
position dependence of the T.F’.P. which 
appears in both NiAI and CoAl is most likely 
associated with changes in the electron con- 
centration in the ,s-p band. At present we 


cannot distinguish between the contributions 
of the density of states and the area of Fermi 
surface to this change in T.E.P. 
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PREPARATION AND PROPERTIES OF SINGLE 
CRYSTAL CuAlS. AND CuAlSe^ 

W. N. HONEYMAN 
Departmeni of Applied Physics, 

Brighton C ollege of Technology, Brighton, Sussex, Hngkmd 
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Abstract -Single crystals of the l-III-VI;, ternary semiconductors CuAlS^ and CuAlSe^ have been 
prepared by vapour transport with iodine. Optical transmission measurements give energy gaps of 
about 3*35 cV (sulphide) and 2-5 eV (selenide). Double refraction is observed, and the refractive 
indices extrapolated to infinite wavelength are 2 ■300, 2-325 (sulphide) and 2-437 (selenide). The 
selenide shows large pholoconductive effects, while both semiconductors have electrical resistivities 
from 10^ to 10^ (1 cm and mobilities less than 60 cm’'^ V ‘ sec ' 


1. INTRODUCTION 

The l-Ill-VIa ternary semiconductors have 
been studied by many workers f 1-9]. These 
compounds are formed by combinations of 
the elements Cu, Ag with Al, Ga, In, Tl, and 
S, Se, Te. Their crystal structures have been 
analysed by Hahn et al[\] and the polycrys- 
talline compounds containing aluminium brief- 
ly mentioned by Goodman and Douglas [2]. 
The properties of single crystals of the group 
containing aluminium have not been examined 
previously and this paper gives the results 
measured for two members of the group. 

2. PREPARATION 

Both compounds were prepared by reac- 
tion of the elements to form the polycrys- 
lalline material followed by vapour transport 
112] using iodine to grow the single crystals. 

1'he elements in powder form (99-999 per 
cent pure) were obtained from Koch Light 
Laboratories. Stoichiometric quantities were 
weighed out and sealed under a high vacuum 
either in an alumina crucible held in a quart/ 
lube or directly in the tube. The total quantity 
of material was about two grammes. The ele- 
ments were mixed by shaking and then re- 
acted by gradually increasing the temperature 
to lOOOT over a period of several days 
followed by slow cooling. The sulphide am- 
poules often exploded if the temperature was 


raised too quickly, presumably due to sulphur 
pressure. The selenide did not show this 
characteristic. The resulting material was 
crushed with an agate mortar and pestle to 
give a black sulphide or a brown-red selenide 
powder. 

I'he powder was then placed in a 15 mm 
dia., 15 cm long cleaned quartz tube, which 
was evacuated to remove moisture. Iodine 
was added to give a concentration of 5 mg/cm*^ 
of lube volume and the tube re-evacuated 
and sealed. The tube was placed in a horizon- 
tal, double wound, furnace with a temperature 
gradient along it so that the ends of the tube 
were maintained at different temperatures, 
usually SOOT (powder end) and 700T. This 
was maintained for a period of several days, 
during which crystals were formed along the 
cool half of the tube. 

It was found that aluminium powder tends 
to react with the quartz resulting in a whiten- 
ing of the tube. This does not happen in the 
vapour transport after the compound has been 
formed. Hence if silicon impurities arc im- 
portant it is essential to use an alumina 
crucible in the polycryslalline preparation. 

3. (lENERAL MEASUREMENTS 

The sulphide crystals were dark green or 
black depending on their thickness. Either 
needle-like crystals one to two cm long and 
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several mm wide, or plates several mm wide 
and about 100/x thick were obtained, both 
having highly reflecting mirror-like faces. The 
needles were very regular, having interfacial 
angles of 78°, 102° and 38° 41', the latter angle 
being measured more precisely for use in 
refractive index measurements. Some of the 
larger needles were hollow. 

The selenide crystals were yellow-orange 
and more transparent than the sulphide. 
Needles and plates of similar dimensions to 
the sulphide were obtained, the needles having 
identical interfacial angles although the faces 
were less perfect. 

X-ray powder photographs of the crushed 
crystals gave a chalcopyrite structure with 
a ~ 5-312 A, (■ ~ l()-42 A for the sulphide and 
a — 5 H) A, (■ - 10-90 A for the selenide, in 
good agreement with the results of Hahn 
al.\\ |. In addition, l.aue back reflection photo- 
graphs indicated the material was single 
crystal, although the crystal axis was not 
determined. 

( hcmical analysis of the sulphide showed 
that copper, aluminium and sulphur were 
present m the relative atomic proportions of 
1 : 1 : 1-9. rhe apparent deficiency of sulphur 
IS probably due to an analytical error resulting 
fiorn slight sulphur loss on oxidation with 
nitric acid. 

4. AMMIMIM SI UnUDE 

4.1 () plica I absorption 

These measurements were taken on a Uni- 
cam SP7()() spectrophotometer using only the 
plate samples which were 25- 1 00 /c thick. 
Although they were not perfectly parallel, 
attempts to grind more uniform samples 
proved unsuccessful. Fhe beam was stopped 
to about 0-06 in dia. by the crystal mount. 
A typical transmission plot is shown in Fig. i 
showing two maxima in the transmission at 
wavelengths of 5200 and 8300 A before the 
intrinsic energy gap decrease. The maximum 
at 5200 A accounts for the crystals’ green 
colouration. A plot of the absorption co- 
efficient a near the intrinsic absorption edge 



Fig. 1. Transmission through a CiiAlS<i crystal 2-7 x 10 *' 
cm thick as a function of wavenumber. 


is given in Fig. 2, the reflectivity being 
calculated from the measured refractive index 
values. A plot of a to the power of either 2, 
i or i against wavenumber does not yield a 
good straight line, although all approximate 
to a straight line at the high absorption end. 
Therefore, the energy gap can only be found 
approximately and is 3 -35 ±0 • J eV. 



rig 2 Absorption coeHicicnl of a CuAIS,. crystal 2-7 x 
1(1 * cm thick as a function of waveniiinber. 


4.2 Refractive index 

A needle-shaped sample was used to 
measure the refractive index. The crystal 
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with a well defined 38° 41 ' interfacial angle was 
mounted with its axis vertical, on the table of 
a spectrometer. Monochromatic light from a 
Hilger and Watts monochromator was 
focused on the collimator slit and the re- 
fracted image from the 38° 41' interfacial angle 
observed. The refracted image was double, 
the two lines being polarised parallel and per- 
pendicular to the needle axis with an angular 
separation of about 1° The refractive indices, 
n, of the sulphide with light polarised parallel 
and perpendicular to the needle axis were 
obtained by measurement of the angles of 
minimum deviation of the two images. Typical 
results are shown in Fig. 3. A plot of 1)'^ 
against (wavelength, gives a nearly 
straight line, although slight residual curva- 
ture is still present. It yields values of 
refractive indices, extrapolated to infinite 
wavelength, of = 2*300 when the electric 



Fig. 3. Refractive index of CuAIS^ as a function of 
wavelength for light polarised parallel (||) and perpen- 
dicular ( J.) to the needle axis. 


field of the light is parallel to the crystal axis 
and = 2*325 with light polarised perpendicu- 
lar to the axis. The results were confirmed by 
measurement of the Brewster angle of a clean 
crystal face, although the latter measurement 
was not accurate enough to show either 
polarisation or wavelength changes. 


4,3 Electrical measurements 

A variety of contacts were made including 
evaporated indium, evaporated gold, indium 
solder, silver loaded araldite and silver 
aquadag. The indium evaporated contacts 
were ohmic and were used in the Hall 
measurements. The silver loaded araldite 
contacts were used in the resistivity measure- 
ments up to 400°C, although they were noisier 
than the indium contacts. 

Typical room temperature resistivities for 
the sulphide varied from 10*’ to 10’ ft cm. A 
needle-shaped sample with two silver loaded 
araldite contacts was mounted in an evacuated 
tube placed in a furnace and its resistence- 
temperature curve is shown in Fig. 4. The 
curve shows a strong impurity level with 
an activation energy of 0*7 eV. The intrinsic 
line is not reached by 400°C (I0*VT = 1*49). 



Fig. 4, Resistance-lemperature curve for a CuAIS^, crystal. 

Irreversible changes in the crystals' resistance 
prevented the measurements from being 
extended to higher temperatures. 

Several plate samples were prepared with 
four indium evaporated contacts at the edges 
and a room temperature Hall measurement 
carried out using the Van der Pauw method 
[lOJ with a d.c. magnetic field of 0*9 Wbm''-^ 
and d,c. current. The Hall voltage was less 
than 0*5 mV, giving a Hall coefficient of less 
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than 0-2 m'‘*C ^ The carrier mobility was less 
than 5 cm'-^ V'’ sec"'. 

Measurements using a hot probe method 
to measure the sign of the Seebeck coefficient 
indicates that all samples were w>type semi- 
conductors. 

No photocurrent was observed when one of 
the samples was illuminated with a focused 
50 W white light source. 

5. (X)IM^ER ALUMINUM SELENIDE 
5 . 1 Optical ah sorption 

Measurements were made using the appara- ? 
tus described for the sulphide. Unlike the § 
sulphide, the transmission for the selenide 
did not show peaksS but increased rapidly from 
zero transmission followed by a gradual in- 
crease. A graph of absorption coefficient, as 
a function of wavenumber is shown in Fig. 5. 
Again plots of various powers of absorption 
coefficient against wavenumber do not give 
straight lines except at the high absorption 
end. The energy gap is 2 *5 ±0 ■ I e V. 



Ljg AliMJiption cocllicicnt of ii ('uAISc. crystal 
10 * cm thick as a function of wavenumber. 


5.2 Refractive index 

rhe minimum deviation method was used. 
Due to crystal imperfections, the two polar- 
ised images were almost blurred together 
although they could just be distinguished. 
Consequently only the centre of the image 


was measured, giving the mean refractive 
index shown in Fig. 6. The mean refractive 
index extrapolated to infinite wavelength is 
/i. = 2-437. 



Fij;!. 6. Mean refractive imlo; of CuAlSe,. as a function 
of wavelength. 

5.3 Rlcc'trical measnretnentx 

The same contact materials were used and 
again the indium evaporated contacts proved 
to be ohmic and gave minimum noise. The 
electrical resistivity was only measured at 
room temperature and it varied between 10* 
and lOMicm with different specimens. Hall 
measurements were tried, but the Hall voltage 
with a field of 0-9 Wb m “ was less than 1 mV 
giving a mobility of less than 60 cm^ V * sec *. 

Measurement of the sign of the Seebeck 
coefficient indicates that all samples were 
type. 

5.4 Rhotoconcliictiofi 

The crystals show large photoconduction 
effects, the dark current being increased by 
a factor of about 20 when a lOOW white 
light source was focused on the crystal. 

Indium evaporated contacts were used on 
the needle-shaped crystals and the photo- 
conductivity wavelength response measured 
by focussing monochromatic light from a 
Hilger and Watts monochromator on to the 
crystal. The beam was ‘chopped' at 10 Hz and 
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the photocurrent was detected by measure- 
ment of the 10 Hz voltage across a small 
series resistor. This method eliminates the 
effect of any dark current drift. The equipment 
was calibrated using a thermopile and the 
results shown in Fig. 7. The relative height of 
the two peaks varied from batch to batch, 
but the intrinsic or short wavelength peak 
remained in the same position. The intrinsic 



WovelfingthjAxlO^ 

Fig. 7. Phoiociirrcnt from ii CiiAlSc.j crysliil, normiiliscd 
with respect to a thermopile current, as a function of 
wavelength 

photoconduction peak can be extrapolated to 
give a long wavelength limit of 4950 A cor- 
responding to an energy gap of 2*5 eV. This 
agrees with the value measured by optical 
absorption. 

6. SUMMARY AND DISCUSSION 

Single crystals of CUAIS 2 and CuAISc^ 
have been prepared by iodine vapour trans- 
port. Their energy gaps have been measured 


by optical absorption and are about 3*35 and 
2*5 eV respectively, although the absorption 
coefficient data could not be analysed in de- 
tail. The crystals show slight double refraction 
effects. The refractive indices for CuAlS^ ex- 
trapolated to infinite wavelength are 2*300 and 
2*325. The average extrapolated value for the 
selenide is 2*437. The selenide showed marked 
photoconductive effects with a double peak in 
the photoconductivity-wavelength curve. 
Mobilities in both compounds are low, the 
sulphide being less than 5cm^V‘'sec“’ and 
the selenide less than 60cm- V“' sec'* at 
room temperature. Resistivities of both 
compounds lie between 10^ and 10" Hem 
at room temperature. 

The I-JII-VF compounds are analogous 
to the II- VI compounds and so ZnS*"* can 
be compared with CuAlS. and ZnSe[l3] 
with CuAlSe^ as shown in Table I. Here the 
refractive indices parallel and perpendicular 
to the needle axis have been averaged. The 
refractive indices obey the approximate law 
stating that is constant; this quantity 
is shown in the last column of Table 1. The 
high photoconductivity of CuAISe-j compares 
directly to ZnSelll), both semiconductors 
showing an intrinsic and impurity maxima. 

The forbidden energy gaps of the two com- 
pounds measured are compared with the re- 
ported values for the copper containing 
members of the I-Ill-VIo semiconductors 
in Table 2. 

Further work is being carried out on 
CuAITe^, but unfortunately the lelluride does 
not appear to form by vapour transport, 
possibly due to the low vapour pressure of 
tellurium. 


Table 1 


Energy gap 

Average refraciive index 


CuAIS, 

3-35 

2-312 

95-7 

ZnS 

3'7 

2 27 

98 3 

CuAlSe, 

2-5 

2 437 

«8 : 

ZnSc 

268 

2 43 

93-5 
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Table 2. Energy gaps (eV) of the semiconductors CuXYjj 
with reference in brackets 


YIX 

A1 

Ga 

In 

S 

3-35 

- 

1-2(3) 

Se 

2 50 

L60[6l-1-6316. 4] 

0'92131- 1-07(41 

Te 

- 

1‘014)-1!718] 

0-9.‘il3, 41-1-0417] 
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POLARISED NEUTRON DIFFRACTION STUDY OF 
NICKEL FERRITE 
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Abstract- Polarised neutrons have been used to solve the existing ambiguities in the chemical and 
magnetic structures of NiFc^O^. The results show conclusively that it has a completely inverted spinel 
structure with an oxygen parameter of 0-2573 ±0 0003. The observed magnetic moments at room 
temperature show that nickel ferrite exhibits the Neel ferrimagnetism with m(/t )Fe - 4-86/[i„, 
m(B)Fe 4-73;ifl and = 2-22^1^ leading to a net moment of 2 09/ifl The Debye-Waller tern- 

peraturc correction was determined with the constant B = 0'8x 10 '** cm*. 

INTRODUCTION ln an earlier publication [ 4 ], we reported 


The crystal structure of nickel ferrite has 
been the subject of several investigations in 
recent years. Due to the fact that nickel and 
iron are near neighbours in the periodic table 
and the neutron scattering amplitudes of the 
two elements are very close to each other, it 
is difficult to ascertain the cation distribution 
of nickel ferrite using either X-ray methods or 
from nuclear intensities alone in the case of 
neutron work. 

Hastings and Corliss[l], using unpolarised 
neutron diffraction data, have concluded that 
the computed intensities are not sensitive 
to incomplete inversion, that the cation distri- 
bution is at least 80 per cent inverted and that 
the magnetic structure is of the collinear, 
Neel type. However, the nuclear intensities 
are not appreciably different for degrees of 
inversion between 80 and 100 per cent. In 
a recent Mossbauerwork. Kedem and Rothem 
[ 2 ] reported that NiFei04 possesses the 
Yafet-Kittel type of triangular spin arrange- 
ment, while Chappert and Frankel[ 3 ] using 
the same technique have contradicted this 
and have concluded that NiFea04 has the 
collinear model. 


*Guest Scientist from the U.A.R. Atomic Energy 
Establishment, Cairo, U.A.R. 

tl.A.E.A. Fellow from the Philippine Atomic Re- 
search Center, Diliman. Quezon City, Philippines. 


the unpolarised neutron work on NiFe204 
and some of its solutions with ZnFe204, By 
studying the systematics of these solid solu- 
tions, it was established in that paper that 
NiFe204 is a collinear ferrimagnet at all 
temperatures below its Neel point. In this 
paper we present our results on NiFe204 
obtained by means of polarised neutron 
diffraction and show the usefulness and the 
enhanced sensitivity of the method over the 
usual unpolarised neutron work in determin- 
ing the cation distribution as well as the 
individual magnetic moments of each cation 
present on the tetrahedral and the octahedral 
sites. This method is specially applicable in 
the case of magnetic substances in which the 
spin arrangements are known to be collinear 
and there is no large magnetic anisotropy so 
that it is possible to saturate the specimen with 
the applied field in any direction. 

Takei, Shirane and Frazer( 5 ] in the study 
of Mn4N, and Satya Murthy et ai[ 6 ] in the 
study of Mn^CoaC have adopted the polarised 
neutron technique in resolving the ambiguities 
in the magnetic structure and were able to 
choose between different models which un- 
polarised neutrons could not differentiate. 
In the present case, however, the basic 
magnetic structure being known, the co- 
herence between the nuclear and magnetic 
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scattering processes in the case of polarised 
neutrons has been used to amplify the varia- 
tions of the nuclear structure factor with 
respect to inversion. 

PRINCIPLE 

In the case of unpolarised neutrons the 
scattering intensity is given by 

7(0)- Const. (1) 


relative signs and magnitudes of M and N. 
In the case of /? > 1, A/ and M have same 
sign, while in the case of /? < 1, and Af 
have opposite signs. 

The sum and difference of the total struc- 
ture factors for the two states of polarisa- 
tion can be given in a relation such as 


(S/A) (Actual) = 


/(+)-/(-) 


For polarised neutrons with their spins 
parallel to ihe magnetisation the intensity 
is given by 

/(+) =■ Const. X jL(yV“ + M''4 2PDA/A/)e“^'^ 


1 

IPDF 



-h 


(1-f) 

F 


(5) 


In the case of ideal PD and i.e, PDF = I, 
equation (5) reduces to 


(X/A)(Ideiil) = 4y + ;^) (6) 

and for the opposite state i.e. with r.f. flipper ^ 

coil on, the intensity is given by and 


l{-) ~ Const. X 

-2PD2F^\NM)c-^\ (3) 

In the above equations, j is the multiplicity 
of the reflecting planes. /. is the Lorentz 
factor, N and M are the nuclear and magnetic 
structure factors, P is the incident beam 
polarisation, D is the polarisation trans- 
mission by the sample and F is the flipping 
efficiency of the r.f. coil. 

It is evident from equations (2) and (3) 
that the polarised neutron intensities are 
significantly different and are very sensitive 
to the nuclear and magnetic parameters, which 
depend on the degree of inversion (i^). This 
enables an accurate determination of r. 

The polarisation ratio is defined as 

^ ^ ^ N'^FM'^ + IPDNM 

I(-)^N-^M‘^-2PD(2F-\)NM 

/-2P7)(2f- 1)7+1 

where y- MIN. For a certain value of PD 
and f , the polarisation ratio is sensitive to 


{111) (ldeaI)/(i;/A) (Actual) - PDF (7) 

assuming that F is very close to 1 -0. 

A detailed description of the principles and 
applications of the polarised neutrons in 
magnetic structure determination is given 
elsewhere [7]. 

EXPERIMENTAL RESULTS AND DISCUSSION 
{a) Sample preparation 
The nickel ferrite sample was prepared by 
the usual ceramic sintering process. NiO and 
were mixed intimately in the appro- 
priate molar proportions and heated in air 
at a temperature of 90t)°C for several hours. 
The resulting mass was powdered and pressed 
into pellets having 13 mm dia. and 3 mm 
thickness. The pellets were then sintered 
in air at ]250°C for 8 hr and slowly cooled 
in a controlled furnace. Chemical analysis 
for metals showed the correct composition, 
and X-ray diffraction failed to reveal the 
presence of any other phase. The lattice 
constant was determined to be Uo= 8-325 ± 

0-008 A; 
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{h) Determination of the oxygen parameter, 
\x,andPD 

We have selected three reflections, which, 
in the case of unpolarised neutrons, have 
negligible magnetic contributions and are 
insensitive to the degree of inversion because 
of the nature of their structure factors. 
These reflections are (31 1), (51 1,333) and 
(440). The calculated magnetic contributions 
with respect to the corresponding total 
intensities for 100 and 80 per cent inversion 
were estimated to be 0*093 and 0*506 per cent 
respectively for the (311), 0*183 and 0*255 
per cent for the (5 1 1 ,333) and 0*252 and 0*27 1 
per cent for the (440). The graphical method 
of plotting the ratios of observed and cal- 
culated nuclear structure factors as a function 
of // was employed to determine the oxygen 
parameter as shown in Fig. 1 and it is found 
to be 0*2573 ±0-0003. 

The polarised neutron data was taken on the 
spectrometer described previously [8] with 
the sample in a vertical magnetic field of 
8 KOe which was found to be well above the 
field required to eliminate all magnetic contri- 
butions to the unpolarised neutron pattern. 

Table I gives the absolute values of the 
total structure factors for the polarised 
neutron case relative to the (440) reflection 
based on the assumptions that it is purely 



Oxygen parameter, u 

Fig. I. Dependence of the ratio Nh^^^|Nla\L upon the 
oxygen parameter for various Bragg reflections. Curves 
with asterisks are from unpolarised neutron data, others 
from polarised neutron data. 


Table 1. Comparison of observed and calculated polarised neutron total 
structure factors for 


FW10“‘^cm’i 

hkl _ 



/(O)Obs, 

/(O)Calc 

/(±)Obs. 

/(f)Calc. 

/l-)Obs, 

/(“K'alc. 

Ill 



263-89 

263-71 

IU8 33 

108 26 

220 



17-39 

17-56 

204*69 

202-95 

311 

168-25 

168-40 

179-25 

17918 

159-93 

159 04 

222 



65-28 

65-37 

144 01 

143-35 

400 



1570-19 

1563-40 

337-37 

337-04 

331 



63*49 

63-33 

50-68 

.50-69 

422 



21-17 

21-61 

118 43 

117-90 

5111 

3331 

358 (Kl 

.358*53 

389*08 

389*81 

.131*86 

331-55 

440 

1730-00 

1734*20 

1922-(K) 

1916-93 

1570-00 

1577-06 

531 



57 06 

.56-32 

8-64 

7-71 


m(.>l)Fe - 4-Sh|afl, m{B)he = 4-73|Lt/„ m(«)Ni = 2-22fx,, h,, - 0 956 x 10' ‘-cm. = 1-04 x 

10-'^ cm; i( = 0*2573 ±0*0003, - 0'80x lO' '‘‘cm', o, - 8325 ±0-008 A. 
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nuclear and independent of the cation distri- 
bution in the case of unpolarised neutrons. 

The value of PD has been determined by 
solving equations ( 1 >3) and using the measured 
value for F - 0-945 corresponding to each of 
the reflections (31 1), (51 1,333) and (440) and 
it is not found to be significantly different 
being 0-85, 0-842 and 0-856 for the three 
reflections respectively. An average value of 
()‘85 has been used in the following analysis. 
(This corresponds to a polarisation trans- 
mission in the sample of 0 = 0-89, if a value 
of P- 0*955, as measured independently, is 
used.) 


(c) Determination of nuclear and magnetic 
structure factors 

The solution of the structure factors deter- 
mined from the observed /(-f) and /(-) 
enables one to extract the nuclear and mag- 
netic structure factors separately and their 
relative signs. This is also represented graphi- 
cally in Fig. 2 which very clearly brings out 
the role of the signs of N and M. From the 
comparison of the r.f. off* and ‘r.f. on* 
patterns which are shown in Fig. 3 and the 
nature of the structure factor formulae the 
proper signs and magnitudes of M and M 
can be determined. 


N 



Fig. 2. Plot of all possible combinations of N and M as deduced from observed /(+) and /(-). The inter- 
section points of the two curves represent those values of N and M and their relative signs which satisfy 

both the reflections. 
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Fig, 3. Neutron diffraction patterns of polycryslalline NiFe20^ for 
polarised and unpolarised neutrons at room temperature. The V.f. 
off’ and ‘r.f. on’ patterns show the polarised neutron intensities with 
spin parallel and antiparallel to the magnetisation respectively, while 
the ‘magnetic field off’ pattern shows two of the unpolarised neutron 
intensities for comparison. 


(d) Determination of the degree of inver- 
sion, V 

In Fig. I a family of curves has been ob- 
tained by plotting the ratios of A/^obs./^Lic 
for various reflections as a function of u, 
for both polarised and unpolarised data. The 
values of Fobs./^caic, a function of v for 
the polarised neutron data has been plotted 
in Fig. 4. This method yields precisely the 


values of u and v simultaneously. Figure 4 
definitely establishes that NiFe 204 cannot 
be less than 100 per cent inverted. Figure 
5 shows a comparison between the polar- 
ised and unpolarised neutron intensities and 
their relative sensitivity to the degree of 
inversion. 

The Debye-Waller temperature factor was 
estimated to give 5 = 0-8 x 10"^® cm*. 



Fig. 4. Dependence of the ratio //raic degree of 

inversion for the two states of neutron polarisation. 
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(t") Defenfiuiation of the inclividiuil nuclear 
sculierin^' aw pH Judes and ina^netic momenfs 
After correcting every nuclear structure 
factor for its oxygen contribution, a graphical 
examination of all reflections are shown in 
Pig. 6 which leads to values of hi = 0-956 X 
10 '-cm and 2^, - ]-9%x lO'^^cm with 
hyt> ~ 0-956 X UV ‘ ' cm and - 1 -04 X 10^*^ 
cm, these values of /?, and clearly show 
that there is no Ni on the tetrahedral sites. 
A similar examination has been employed for 
the magnetic structure factors, using the 
calculated form factor of 3(f’ by Freeman 
and Watson[9) for Fe-^^ and AIperin’s[10J 
experimental form factor for Ni‘^^ m(/4)Fe = 
4‘86 /zr, /n(/?)Pe = 4*73jLtH and m(B)N\ = 
2‘22p{i were obtained. These arc in excellent 
agreement with the saturation magnetisation 
measurement of 2-08^^, at room temperature. 
The difference in the Fe'^ moments on the A 
and B sites is presumably due to the different 
Brillouin functions that they follow. Figure 7 
shows the graphical determination of the 
moments for Fe and Ni ions in the ^-sites 



w(B)Ni IN BOHR MAGNETONS 

Fig. 7. The jy-sublatticc magnelisation for various 
magnetic structure factors after determining the A- 
sublattice magnetisation from the (220) and (422) 
reflections. The broken line is from the saturation 
magnetisation (S.M.) data. 
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Fig. 8. Plot of obstTved (I/A) for several reflections as a function of the ratio of nuclear and magnetic structure 
factors. The ratio of (I/A) (Ideal)/(I/A) (Obs ) gives the value of PDF - 0'803. 


for several reflections after determining the 
moment of the Fe ions in the /t -site from the 
(220) and (422) reflections. 

The calculated intensities based on the 
extracted nuclear and magnetic parameters 
are given in Table 1 which indicates excellent 
agreement with the observed intensities. 
Moreover, Fig. 8 shows the plot of equations 
(5) and (6) which indicate that the observed 
(Il/A) values fit very well with the calculated 
curve based on the extracted parameters. 

CONCTTISION 

Our polarised neutron results show con- 
clusively that NiFe 5 j 04 has completely in- 
verted spinel structure and is a collinear, 
Neel ferrimagnet. This agrees with the 
recent work of Robertson and Pointon[ll]. 
They determined experimentally the pre- 
ference energy of Ni*^^ ions for the i5-sites 
to be 0-80 eV, which implies that Ni“’ at the 


/I -sites should be less than 1 per cent even for 
samples quenched from near the melting point 
of the ferrite. The present result is an im- 
provement over the earlier neutron diffraction 
results of Flaslings and Corliss [1] and is in 
agreement with the Mossbauer results of 
Chappert and Frankel[3J as well as with the 
most recent neutron diffraction results of 
Satya Murthy 

A(kn(}wled^emeiUs — y/c arc indebted to Dr. P, K. 
Iyengar for his encouragement and keen interest in the 
work. We wish to thank Dr. C. M Srrvastava of 1.1 T,. 
Bombay for supplying the sample. Our thanks are also 
due to Mr. M. R. L. N. Murlhy for help in the experi- 
mental work. 
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SUPERCONDUCTING, THERMAL AND MAGNETIC 
SUSCEPTIBILITY BEHAVIOR OF SOME 
INTERMETALLIC COMPOUNDS WITH THE 
FLUORITE STRUCTURE 

J. H. WERNICK, A MENTH, T. H. GEBALLE*, G. HULL and J. P. MAITA 
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Abstract- AuGaii becomes superconducting at 112''K. The superconducting cnlical temperature rises 
rapidly with small additions of Pd. For the composition corresponding to AUy.M^Pdo.«.^Ga 2 , T",.- I ■79°K., 
and then remains essentially constant with further increase in Pd content. The electronic contribution 
to the heat capacity, y, increases in a similar manner, At Auo ^.^Pdo cnGa^ the change in y amounts to 
lB-4 per cent per atomic per cent Pd. All of the Au, j-Pd^-Gag matenals are diamagnetic and the dia- 
magnetism decreases with increasing Pd content The behavior of the susceptibility pergramalom, xi. 
at 0°K as a function of Pd content parallels the behavior of.T,, y, and the ’*Ga Knight shift in these 
allows[2J. AuAL and Auin^ becomes superconducting below O-TK and both show temperature in- 
dependent diamagnetism, in contrast to the behavior of AuGa^. 


INTRODUCTION 

The Fluorite structure (cubic Cl type- 
four formula units per cell) is common to a 
number of phases of stoichiometry ABi and 
comprise metals, semiconductors, and 
insulators. In this structure, each B atom has 
A A atom neighbors at a distance a V3/4 
while each A atom has SB neighbors at the 
same distance. The A atoms are arranged in 
a FCC sublattice while the B atoms form a 
simple cubic subcell within the unit cell. It is 
important to note that for the metallic phases, 
three of which will be considered here (AuGaj, 
AuAI^ and Auln^), the A-B distance is about 
0-2 A less than the sum of the coordination 
12 radii of the constituent atoms, suggesting 
considerable covalent character of the bonds. 
This is also true for PtGa^. The colors of these 
materials are also very interesting and reflect 
differences in optical transitions and band 
structure. AuGa^ is silvery-gray, AuALj 


*Also at Stanford University where the work was 
supported in part by the Air Force Office of Scientific 
Research, Office of Aerospace Research, United States 
Air Force under AFOSR grant 68- 1510, 


purple, AuIhs silvery, and PlGa.» yellow and 
d-electron states may be important regarding 
the optical properties of these materials. 

An NMR study of these materials by 
Jaccarino et al. showed that the "’Ga Knight 
shift in AuGUj exhibited an unusual tempera- 
ture dependence [I], The shift is negative at 
low temperatures, changes sign at about 68°K 
and approaches a constant value at higher 
temperatures [1,2]. On the other hand, the Al 
and In shifts are positive and essentially tem- 
perature independent. However, the substitu- 
tion of Pd for Au in AuGag results in a 
monotonic change in the Ga Knight shift 
with increasing Pd until at Pdo-o^Aun t,.sGaj 
the Knight shift is positive at all temperatures. t 
In this context the ‘phase’ PdGa-j does not 
exist. On the other hand, Pt is very slightly 
soluble in AuGa, and in addition, does not 
behave as Pd regarding the NMR properties. t 
We shall show below that the superconducting 
properties of AuGaj are affected drastically 


tJACCARINO V.. WERNICK J H. and MENTH 
A., Unpublished results. 
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by small amounts of Pd and the dependence 
on Pd content correlates with the Ga Knight 
shift behavior and the heat capacity data to 
be given below. 

Because these intermetallic compounds 
exhibit comparatively low residual resistivities 
in the zone melted single crystal state’^, they 
have been studied in recent years by means 
of galvano-magnetic measurements and ex- 
perimental methods which give information 
regarding the Fermi surfaces {3-71. 
compounds show maxima in the thermo- 
electric power between and this is 

attributed to phonon drag effects. However, 
away from these maxima at both high and low 
temperatures, the thermoelectric power of 
AuGa 2 is negative while the other two 
remain positive. The resistivity of AuGa.^ 
does not show any anomaly at 68°K. It is 
significantly larger than either Aula, or 
AUAI 2 at all temperatures. Regarding the 
interpretation of de Haas -van Alphen effect 
measurements made on all of these materials, 
there appears to be approximate agreement 
between the experimental results and a Fermi 
surface based on a free electron model. 
However, differences between them do exist 
but apparently not sufficient enough to explain 
the thermoelectric and NMR behavior of 
AuGa2[31. Low temperature heat capacity 
data for AuGa., Auln.>, and AuAlj show the 
electronic contributions to be similar in these 
materials [81. 

I or the isostructural intrinsic semiconduc- 
tors Mg.Si, Mg^Ge and Mg.,Sn (8 valence 
eleclrons/3 atoms), the volume of the Brillouin 
zone is such that there are just 8/3 states per 
atom within the zone [16]. Thus, the number 
of available valence electrons is equal to the 
number of states within the zone. An interest- 
ing observation regarding AuGa,, AuAL 
and Aulno (7 valence electrons/3 atoms), 
worth mentioning here in the context of 
covalent character of these materials, is that 

*'rhjs suggests that these intermetallic compounds are 
truly stoichiometric ‘line’ phases and perhaps is a result 
of the covalent character of these materials, 


they contract on melting, a characteristic 
feature of semiconductors and semimctals, 
such as Bi and y-brass. With the present 
electron-to-atom ratio, the free electron sphere 
intersects the zone boundaries, a situation 
characteristic of semimetals. In addition, 
this may be the reason why each of these 
phases do not form extensive solid solutions 
with the other isostructural phases and 
elements when the usual conditions of crystal 
structure and atomic size are satisfied. Finally, 
crystals in which the Fermi surface is near or 
at zone boundaries may have high diamagnetic 
susceptibilities from conduction electrons 
and holes and changes which can alter by 
small amounts the proximity of the Fermi 
surface to the zone boundaries may result 
in rather significant changes in electronic 
properties. 

EXPERIMENTAL RESULTS AND DISCUSSION 

All of the materials were prepared from 
elements of 99-999+ percent purity. Stoichio- 
metric amounts of the constituent elements 
were first melted in recrystallized AFO;, 
crucibles by induction heating in an argon 
atmosphere. Zone melting was subsequently 
carried out in quartz ampoules. The Pd 
bearing samples, prepared in the same manner, 
were subjected to zone melting (2 passes) and 
we refer to this operation on these samples 
as a quasi-zone leveling, as far as the Pd is 
concerned. Our analytical data indicates 
that for the compositions of interest to us, the 
distribution coefficient of Pd in AuGa^ 
is near unity. Table I shows the results of 
atomic absorption analysis on the Au,^j.Pdj.Ga 2 
samples used for all measurements. Because 
of the good agreement with the nominal com- 


Tiible I, Atomic absorption analytical results 



Wt. % Pd 

Wt. % Pd 


(Nominal) 

(Analysi.s) 

^Ud 02^3^5 

O'M 

0-64 ±0-01 3% 


1-60 

1-60 ±0-032% 

Alio ftPd(i jGji^ 

3*25 

3 -40 ± 0-068% 
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positions, we shall refer to our materials in 
terms of the nominal compositions. All 
materials were examined by powder X-ray 
diffraction. The variation of the lattice constant 
with Pd content in AuGaj is shown in Fig. 1. 
The maximum solid solubility of Pd in AuGog 
appears to be close to x = 0-15. The decrease 
in average unit cell size results in an increase 
in average volume of the Brillouin zone and a 
corresponding decrease in proximity of the 
Fermi surface to the zone boundaries. 

Heat capacities were determined by the 
heat pulse method [9], and the data are shown 
in Fig. 2. Examination for superconductivity 
was made in an apparatus described previously 

[10] down to 0*36°K using the resonant- 
frequency shift circuit of Shawlow and Devlin 

[11] and a frequency of I6kc/sec. Good 
agreement was obtained with the critical 
temperatures which could be observed by 
heat capacity measurements (Table 2). The 
transition breadth is indicated. As shown in 
Fig. 3, Tc rises rapidly with increasing Pd 
and is close to the maximum value at 
AUoy 5 Pd()o. 5 Ga 2 . Previous workers have 


reported AuGag to be not superconducting 
downtoO-34°Kf(4]. 

A Faraday method, utilizing a Cahn balance, 
was used for the magnetic susceptibility 
measurements in the temperature range 4-2°- 
BOO^'K. The susceptibility per gram atom 
values, xa^ ^tre accurate to within 3 per cent. 
The xa vs. temperature data and xa 0°K 
as a function of Pd content in AuGuj are 
shown on Figs. 4 and 5 respectively.* All 
of the Aui.^PdjGaj materials are diamagnetic 
and exhibit a temperature dependence to the 
susceptibility. The diamagnetism decreases 
with increasing Pd content. The degree of 
temperature dependence decreases with in- 
creasing Pd content. The behavior of xa itt 
0°K (Fig. 5) as a function of Pd content 
parallels the behavior of T,., y (below) and 
Ga^* Knight shift [2]. In contrast to the 
behavior of AuGa^, AuAl.^ and Auln 2 show 
temperature independent diamagnetism. 

*The measurements were performed on the heat 
capacity samples and in some cases also repealed on 
different samples obtained from different regions of the 
ingot. 



Fig. 1. I'he variation of lattice constant with Pd content in the system 
Au, j.Pdj.Ga.j. The presence of some second phase for .v = 0T5 indicates 
the maximum solid solubility is perhaps somewhat below this value. 
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Hg. 2. Heal capuctly data for Aut-j-Pd/ja^ compositions studied for this 
research. 


A summary of some of the experimental 
results is shown on Table 2. Note the large 
increase in the electronic contribution to the 
heat capacity, y, of AuGa, due to the sub- 
stitution of Pd for Au. For AUo,fiPdo.iGa 2 , 
there is a 33-8 per cent increase (-10*5 per 
cent per atomic per cent Pd), with the bulk 
of the increase (307 or 18'*4 per cent per 
atomic percent Pd) obtained in Auo.{)Pdo.flr,Ga 2 . 
The variation in follows the change in y 
(Fig. 3). Furthermore, the composition near 
which and y saturate (Au<|. 95 Pdn.,> 5 Ga 2 ) 
corresponds to the composition at which the 
Ga Knight shift becomes positive at all 
temperatures. 

The contribution of the ion cores to the 
susceptibility can be estimated by using the 
value for Ga'‘^(-“0*8x 10"*^) given by Klemm 
[15]. Klemm proposes a value for Au^^ 
smaller than -4*0x10'^^ If one chooses 


-4'3xl0'^''^ for Au*^ the remaining sus- 
ceptibility is zero at the same temperature 
at which the Knight shift is zero. The differ- 
ence between the ion part and the total sus- 
ceptibility can be attributed to the susceptibility 
of the free carriers, A direct correlation of 
Xc and Knight shift data results in a unreason- 
able large and negative hyperfine field. An 
attempt to correlate the magnetic sus- 
ceptibility, Knight shift, and nuclear relaxation 
data in a consistent manner leads to a larger 
temperature independent diamagnetic contri- 
bution given above [2]. Blount [17] pointed 
out that in materials with large spin orbit 
coupling (heavy ions) and small band gaps, 
additional terms to the Pauli-Landau suscept- 
ibility occur resulting in larger diamagnetism. 
These additional terms do not contribute to 
the Knight shift. 

Also shown in Table 2 are the size of the 
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heat capacity anomaly where 

is the electronic contribution to the super- 
conducting slate specific heat, and the 
factor obtained from the relation 

7, = 0'85<9;,e 

In the BCS relation, ^ = N{Ef,^)A, where 


N(Ei;) and A are the normal density of 
electronic states and electron^electron 
pairing potential arising from the electron- 
phonon interaction respectively. The increase 
in y of 30 per cent is more than enough to 
account for a g’ increase of 1 0 per cent. 

The superconducting critical temperatures, 



INTERMETALLIC COMPOUNDS WITH THE FLUORITE STRUCTURE 



I ig. 4. The susceptibility per gram atom as a function of tem- 
perature for AuAlj, A 1 i 1 -j.Pdj.Gii 2 alloys, and Aulnj 



t ig. 5. The susceptibility per gram atom at (TK and room temperature 
for the Au, j-Pd^Ga^ alloys. The 0°K data was obtained by extrapolation 
of the data shown on I ig. 4. 


PER GRAM ATOM 
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the Debye temperatures and the y-values 
[y- 'iTr'^k^N(Ef^)] can be used to discuss the 
superconducting behavior of these materials 
within the framework of strong-coupling 
theory[13). The formula for 7,. is 

1-04(1 + X) ] 

X is an electron-phonon coupling constant 
and /i* is the Coulomb pseudopotential. 
The density of states N(Ef) obtained from 
the specific heal data is the 'band-structure' 
or ‘bare’ density of states [/V^«(0)] enhanced 
by the factor (l + X), i.e. n{Ey) = [Afbg(O)] 
( 1 4-X). Ni„{0) contains the enhancement due 
to Coulomb interaction between electrons. 
Tabic 2 contains the X and A/ftfi(0)-values com- 
puted from the above equation assuming 
which, according to McMillan, 
is reasonable for nearly free electron metals, 
f or the Au, materials, there is 

nearly a M) per cent enhancement of the band- 
structure density of stales. It should be noted 
that the sharp rise in the density of states from 
0-13 to 0*15 states per eV per atom as 2% of 
the Au IS replaced by Pd corresponds to a rate 
of increase of one state per eV per Pd atom, 
f'his large increase is undoubtedly a feature 
of the fad that the F^'ermi level lies near a 
zone edge. 

According to the arguments of McMillan, 
(he superconducting transition temperature 
is less related to changes in y than to changes 
in the phonon spectrum. In contrast, however, 
the measurements show that the low tempera- 
ture Debye data show no significant depen- 
dence upon Pd concentration. Also there is 
no evidence of dispersion in the low frequency 
portion of the spectrum since 0^ for AuGa-^ 
measured by Teslardi from velocity of sound 
measurements is in agreement with the Cp 
value. However, it is still possible that con- 
siderable structure does exist in the higher 
frequency range and that a study of those 
phonons by tunnelling or optical means would 


show that their frequencies would be lowered 
by the addition of Pd as would be predicted by 
McMillan. 

The pronounced changes in the electronic 
properties of AuGa^ resulting from alloying 
with Pd cannot be attributed simply to the 
reduction of conduction electrons in a rigid 
band model or an expansion of the Brillouin 
zone, but must be considered to be a con- 
sequence of changes in band structure, as 
for example, change in the relative position 
of bands. 
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EFFECTIVE SPIN-ORBIT COUPLING OF IMPURITY 
STATES IN METALS 
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Abstract -The correction to the spin-orbit constant of an impurity d orbital due to the admixture of 
nearest-neighbor host d orbilals is calculated for a transition element impunty in a noble metal, The 
expressions of the shift and of the spin-flip scattering cross section are accordingly modified. Ex- 
perimental data IS not sufficiently accurate or complete at present to allow comparison with this 
refinement in the theory. 


This paper is concerned with the modifica- 
tion of the spin-orbit coupling of a transition 
element impurity (which may or may not be 
magnetic) by the admixture into the localized 
wave function of nearest neighbor host 
orbitals. This effect is the analog in a metal 
of the charge transfer corrections to the pro- 
perties of transition ions in salts, and we shall 
refer to it as covalency corrections. 

The simplest case to consider is that of a 
3d impurity in a noble metal. Here the energy 
of the virtual level is well separated from the d 
band of the host but the separation is not so 
large as to make the interaction negligible, 
and the d-d admixture can be treated as a 
perturbation [ 1 ]. The effect is of some interest 
because when the spin-orbit coupling of the 
host is appreciably larger than that of the 
impurity, even a small admixture can give a 
sizable correction. Unfortunately, for the 
cases of 3d impurities in copper studied so 
far, the corrections we find, although not small, 
add no new light on the interpretation of the 
data mainly because none of the parameters 
of the virtual level is known with any accuracy. 

We assume that the d band of the host can 
be described in tight binding and that the 
energy separation between the higher lying 
impurity d state and the d band is large 
enought to split-off a localized state. The 
energy transfer integrals (dder), (ddir), (ddB), 


(which will be abbreviated as o-, tt, 8) between 
the impurity and the nearest neighbors are 
responsible for mixing host d functions into 
the localized stale. It was foundfl] that in a 
f.c.c. lattice, the 6(or F^) orbitals on the 
nearest neighbors give rise to three and 
one r.T representation (the center of the 
rotations being at the impurity site) and (he 
y orbilals give (wo 1';, and one representa- 
tion. Let denote the \\ orbilals of the 
impurity 1-4 denote the l\ states 

on the nearest neighbors, and similarly let 
and /=l-3, refer to the cor- 

responding Fjj slates. The wave functions of 
the localized stales are; 

|€>- + ( 1 ) 

iy> - (1 ( F) 

The explicit expressions of and y^' as 
well as the matrix elements that determine 
c’, and d{ are given in the appendix. 

In tight binding, the spin-orbit Hamiltonian 
of the Estates is: 

X« = X.I«-s+2 (2) 

where X, and X;, are the spin-orbit constants 
of the impurity (located at lattice site 0) and 
host atom respectively, and !,« is the angular 
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momemum operator around site m. To 
caicuVave \k mln\ elements of (21 over the 
states (\) and (V), we use the extension of 
the Wigner-Eckart theorem given by Koster 
[2]: the operator A transforms as r^; the 
number of times is contained in the pro- 
ducts r^XfV and r^xr^ is respec* 

tive/y one, one, and zero. Hence A can he 
represented by two constants, 

A ~ (3) 


where the constant A« is to be used between 
two \t> states in (1), and K^y is to be used 
between a |e> and a | 7 > state. The represen- 
tation of I here is that appropriate to the 
|y^"> . basis of a single ion. 

The constants A« and A^^ are calculated 
using the wave functions (1) and (T) and the 
matrix elements of A which are given in the 
Appendix, the result is: 


Ajj k, 


|-p7,(3(TH47r' KS8^) 


TA 


/6a-a + 877^-28' 


-r 


V- 


(4) 


A, T A 


3fr7r + 7r“T(3/2)(r8+ 57 tI5H- (3/2)8^ 


V'^ 


(4') 


where V is the energy separation between 
the impurity d level (or center of the virtual 
state) and the weighted mean d band energy 
of the host. 

fhe corrections to A, are second order in 
the ratio of the transfer integrals to V and 
hence depend fairly sensitively on this ratio. 
For magnetic states the values of V for the 
two spin directions will differ by the electro- 
static splitting energy and so the spin-orbit 
coupling of the majority and minority spins 
will be different. 

The magnitudes of cr, tt, 5 are in the order 
|rr| > IttI > |8|, and a and tt tend to have 
opposite signs while 8 tends to be small. 


For pure copper, their values have been 
estimated[31 and we may use these values 
as a guide, since no actual calculations for 
impurities are available. We then see thai 
A„ will usually be very close to A, (since 
S occurs as a factor in the second term) 
but A^ may differ significantly from A,. 
In particular A^- < A„ i.e, the opposite sipns 
of (T and n tend to reduce the spin-orbit 
coupling. 

We now discuss the application of (3) to the 
A' shift of a magnetic impurity and to the spin- 
flip cross section of a nomagnetic impurity. 


(!) Th eg shift 

This has already been considered in the 
Hartree-Fock approximation to the Anderson 
model by Yosida et al.[4]. These authors 
neglected the covalent contribution to A, 
thus taking A = A,, but included the effect 
of unequal population of impurity d orbitals 
due to the crystalline splitting. Their result 
(equation (28)) corrected for some misprints 
is: 




4A. 


A/f -Ni 


^ (.v,)„| < /w|/,|no- > 


^(jncr.Ha) 
mrr bi nu) 

h — h 

*->mu ^H(r 


^ (-s.-fTl < /ncrjljnia- > j- 


l-(U-J}p„,AEr)j 

where the double summation is over pairs of 
impurity spinorbilals mo- ^ no-, the 
are the energies of these states uncorrected 
for the Harlrce-Fock energy, is the 
occupation number, the density of 

states at the Fermi level Ej,', Nt and b/i the 
total number of t ‘^t\d i spin localized 
electrons, and z the direction of the magnetic 
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field. For a cubic crystal (5) reduces to 


6j? = + 


2Xi 

N, -K 




N.l -/Vy, 

£ei “£y, / 


Pti Pei (£'f) 

\~{U-J)P,AE,) \^{U-J)p,AEy)^ 

( 6 ) 


It is to be noted that the contributions of 
I spin electrons are opposite in sign to those 
of i spin electrons, so that if the j and | 
virtual levels are nearly symmetrical there 
will be a tendency for the g shift to vanish. 
This is apparently the case for chromium [5] 
which has 5 - f and a value of M + Ni near 
5. The g shift is very small and positive. 

It was seen in[lj that the crystalline 
splitting bE^ = Ey„--Ef„ is small, the ratio 
of to the level width A ranging from 
perhaps O-l for Cw-Ni to 0-25 for Cw-Ti. 
It is then of interest to see how Bg depends 
on the splitting when the total number of 
localized electrons A/, + N, is kept constant. 
We find, upon expanding equation (5) in 
powers of the splittings, that the first order 
term is: 


(7) vanishes.* The effect of the splitting on 
5g will therefore be second order in S£cr/A, 
which is expected to be quite small. It is 
important then to include the covalency 
corrections to the spin-orbit coupling constant. 
As will be seen in the case of Cu-Cr below, 
the magnitude of these corrections is in fact 
of the order of the observed g shift. 

The covalency effect is incorporated in 
the derivation of (5) merely by using X« or 
in the appropriate spin-orbit matrix 
elements, and the result for a cubic crystal is: 


6;^ = 


4X 


/Vi -N. 

V 

F — E 


N„ -Ny 

-Ey. 



Pc (E,) 

\-{U-J)pAEf} 


V p.. (£>■) 1 

\-{U-J)p„ (t». 


(8) 


If the crystal field splitting is neglected, this 
reduces to 


2 


(X„, +4X„, ) 


S^'i = ■ 


2X. 


N, -N, 



X 


1 

y-(u~j)pL 


{sX 


p AEy) 

\-(U-J)p,{Ey) 


- (X,(, +4Xfs, 


P AEy) 

\-{U-J)pAEy)/ 

(9) 




^ irtfj 4 * 66 


(7) 


where the Bemir tire the crystalline splittings 
and obey the relation 0. Note that 

usually the sign of {dpld€,na) changes with 
(T when there is a local moment, hence the 
contributions of | and i spins to the first 
order shift are of the same sign. 

For cubic crystals, using the matrix elements 
of Ig (Appendix) it is easy to see that equation 


There are two spin-orbit constants for each 
spin direction in (8), which reflects the 
Hartree-Fock splitting of the spin state. 
It is to be noticed that the constant most 
affected by covalency, namely X^y. occurs 
with the largest coefficient in the g shift. 
Let us now compare the g shift one would 

*In hexagonal structures equation (7) docs not vanish 
in general. The crystal field terms that can split the d 
levels have symmetry and Direct 

compulation shows that the VY teim docs not contribute 
to for any direction of the magnetic field while Fa® 
contributes an anisotropic first order shift, but not an 
average first order shift. 
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expect from equations (5-9) with the experi- 
mental values for Cu~Mu and Cu-Cv, 

(a) Cw-Mn. The experimental value is 
[6] 5^ --h 0 011. The spin-orbit constant 
of Mn'^ is estimated [7] to be \ 290 cm“*. 

The spin of the localized moment is nearly 2» 
and if we assume /Vi -h/Vi =6, the \ spin 
shell becomes filled and only the | spin 
shell contributes to with a positive sign. 
Taking typical values of A = 0'8eV for the 
i spin level and ((/-y) = 2'5eV, one 
finds from Yosidas expression (6) the 
value = 0-015. The covalency correction 
is small and has been neglected because the 
i spin level is far from the Cu d levels. If a 
value smaller than 6 is assumed for /Vi +/Vi 
the predicted becomes smaller. Consider- 
ing the uncertainties in the values of the 
parameters, a more accurate comparison with 
theory is not possible. 

(h) Cu-Cr. The measured value is [5] % ^ 
-h 0-0037 ±0-002. This ^ shift is quite small, 
which is consistent with having nearly A/, = 4 
and /Vj - 1. To estimate the covalency 
correction to we assume the d, level 
of Cr to lie l-5eV above the host d level, 
and lacking calculated values of a, n and 5, 
use for these the values f3J for pure Cu based 
on Burdick’s band calculation. We then find 
that the coefficient of X/, in equation (4') 
is equal to *-()-()73. Using the values [7] 
\, = 280cm”' for Cr^ and = 750cm”‘ for 
Cu, we find X*y, ^ 0-77 X„ a sizable correc- 
tion. rhe correction to X,y^ will be about 
ten times smaller. If we take -4 and 
M - I, the shift is ‘given entirely by the 
difference X,y: -X,y, . For values A = 1 eV 
and f/-y = 2 0eV, one finds 6^ - + 0-002 
which is comparable to the experimental value. 
Again there are too many uncertainties for 
a meaningful comparison of calculation and 
experiments. 

It might be possible to demonstrate experi- 
mentally the importance of the covalency 
correction by measuring the g shift of Cr in 
Au which has a very large spin-orbit constant, 
X^" =« 4800 cm"^ The effect of the nearest 


neighbors would be sufficiently large that it 
could reverse the sign of X^y and on that basis 
the g shift would be expected to be positive 
and larger than that of Cw-Cr by a factor of 
perhaps 4- 1 0. However it must be remembered 
chat the total magnetic moment has a small 
contribution from the conduction band as the 
‘cancellation theorem' of Anderson and 
Clogston is only approximate [8]. If Vgd 
denotes the matrix element for s-d mixing, 
the relative s to contribution to the moment 
will be of order {VJEi.y which may range 
from 0-01 to 0-1. The contribution to the g 
shift of the localized stale is not negligible 
when the g shift of the host conduction band, 
as is probably the case for gold, is consider- 
ably larger than that of the impurity. A more 
complete analysis is probably necessary for 
A w-Cr, and perhaps even for Cu-Cv. 


(2) The spin-flip relaxation rate 
A nonmagnetic impurity presents a large 
spin-flip cross section to the conduction elec- 
trons when the virtual d level is near the Fermi 
level [9]. The covalency correction to X can 
be taken into account as follows: let /be the 
fraction of \\ orbitals at the Fermi level 
(i.e. each \\ stale has weight //3). Then, since 
X„ connects the e orbitals and X^ connects € 
and y orbitals, and since the orbital angular 
momentum matrix element in the latter 
transitions is a factor 2 larger, the unper- 
turbed value in equation (2) of[9] must 
be replaced by 




^X|, + 4 


/(!"/) 

/o(l-/o) 



(9) 


where /o = ^ is the value corresponding to 
spherical symmetry. Substituting in equation 
(2) of[9] and neglecting the crystal-field 
corrections top^, we obtain: 

0-^= (47r73V)(W3)[l-([/-/)prf(Ef)]^2 

x/lAi.+6(l-/)x?,]p/(£,). (10) 
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In the spherical case the last bracket reduces 
to (f ) + 4X^] . For Ti in Cu, is expected 

to be about 15 per cent smaller than Xj so 
that a reduction in of about 25 per cent 
may be expected. As is the case for the g 
shift, quantitative comparison with experi- 
ment [10] is not presently feasible. 

If Ag or Au is used as the solvent, there 
will be a larger effect on X^. and one might 
expect the cross section for spin-flip scatter- 
ing to decrease significantly. However' the 
spin-orbit coupling of the 5p or 6p states in 
the pure metal is now comparable to or larger 
than Xp As a consequence, in addition to d 
wave scattering, p wave scattering will also 
flip the spin and this contribution is likely to 
be important. 

In conclusion, the effect of the nearest 
neighbors on the spin-orbit constant of a 
transition impurity in noble metals can be a 
significant correction, especially when the 
host has a much larger spin-orbit constant 
then the impurity. However a detailed 
comparison with experiment is not possible 
at present, both because there are too many 
uncertain parameters (/V, -hiVi , A, (7 + 47) 
and also because the experimental accuracy 
of bg is (in the case of Cr) limited. 

Acknowledgments-J\{fi author is grateful to P. Monod 
and S. Schultz for a copy of their paper before publication. 
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APPENDIX 

We give here the details of the calculation leading 
to equations (4) and (4'). Wc take as bases for fu and 
the (J orbitals having angular dependence €i = jry.c, = yz, 
C 3 =zjf and 7 i = 3z*“r*, yj = V3 (jr^-y^). The only 
non-vanishing matrix elements of are; 

(th /!y 2 ) = -2/; (€ 2 , /,€ 3 ) - / (la) 

where the orbitals are normalized to unity. Let 
y/*’' refer to the impurity orbitals at the site (0,0,0) and 
tiia.hx). yi{a,h,c} refer to the orbitals located at 
lattice sites where for the nearest neighbors the 

(a,fr,c) run over the set of‘(±l,±l,0) and their cyclic 
permutations. Using the standard method of projection 
operators, we find the four linear combinations of nearest- 
neighbor orbitals that transform like the first row, 
ofr,v 

€/''=(l/2)Wt(fl,6,0) 

(2a) 

= (1/2 V2)S,„,6,n/>[e2(o,0,6)+€3(0,a.6)] 

Here, the indices a and h run over the values -t-1 and -1. 
Similarly the three states transforming like the second 
row,-/^’ off 3 , are: 

(l/4V2)i,„,j,{V3[y,(fl,fe,0+y.(a,0,/»] 

+ [y,(a,i.0)-yi(a,0,i)]} 

y,'"= (l/4\/6)S,„.,.{4yj(0,a,M + >*(n,0,b)+y,(«,6.0) 

+ V3[y,fa.0,fc) -yi(a.fc,0|]} 

y,'’' = (1/2 V2)I,„.„a/.[f,(0,a,b) -e.,(a.0.(>)J. I3al 

The matnx elements of the energy (transfer integrals) 
between these states and yj'®' are ' 

(6'^ ;bV") =(3/2)cr+ (1/2)8; = V2(7r+8) 

?«'") = V2(;r-5); (e'“'. .iff"' = -( V 3/2)((T-6) 

(yoi, = (\/3/41((j + 4Tr + 3«) (4a) 

(y"’.ry'»’) - (V3/4)((T-47r + 3fi) 

(y“',.4'y''’)=-(3/2V2)(f7-S) 

Assuming 'itie energy separation V of the impunly d 
level from the mean host d hand energy to be large com- 
pared to these matnx elements, the coefficients r, and d, 
of equations (1), (L) can be taken to first order, To 
obtain the matrix elements of A among the resulting wave 
functions |e>, |y) we need the matrix elements of 
between the and y'”. Direct evaluation of these, using 
expressions ( la) and (3a) gives. 
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= i/V2 = (£,™, = - (2V2/V3)| = +2(«,'»',/,>s'«) 
-/72 = -(£j'",/^;»>) (e/Uy,'^’) =-/. 

= V(3/2)/ = Use of these values in the matrix elements <« |Aj|e> and 

(e|A,|y> gives equations (4) and (4') in the text. 

(€."’./,y;'’i = ~ (2/V3)i = - ur.i,rn 
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Abstract -A defect-molecule model has been used to calculate the electronic structure of a neutral 
isolated divacancy in an otherwise perfect diamond crystal, using the molecular-orbital theory. The 
result suggests that there is a spin- and orbitally-allowed transition of symmetry which 

contributes to the broad u.v. band observed in irradiated diamonds. It is also predicted that this 
centre should be paramagnetic and show opiical dichroism. 


INTRODUCTION 

The most successful theoretical studies so 
far to explain quantitatively the absorption 
spectra of irradiated diamonds have used a 
defect molecule approximation for isolated 
defects in the crystal. The most complete 
studies in this field are those of Coulson and 
Kearskyfl] for the single isolated vacancy 
in its various charge stales and Yamaguchi’s 
studies[2,3] for the single vacancy and the 
interstitial carbon atom in the diamond lattice. 
Such studies have proved that they can 
provide a valuable basis on which to interpret 
experimental results. 

Further theoretical work on the static Jahn- 
Teller effect for a single vacancy in diamond 
[41 and on the Huang-Rhys factor for the 
neutral vacancy in diamond [5] have been 
based upon a defect-molecule approach. This 
work has provided support for the model 
and for the findings of Coulson and Kcarsley 
that the GRI band observed in the absorption 
spectrum of irradiated diamonds is associated 
with an electronic transition between the 
and '/ j localized energy levels of the 
neutral isolated vacancy. 

In view of the uncertainly which still 
exists in the interpretation of many of the 
features of the absorption spectrum of irradi- 
ated diamonds a study of the neutral isolated 
divacancy in diamond has been undertaken 
using a similar defect-molecule approximation 


to that used for the single vacancy. A pre- 
liminary study of this problem was undertaken 
by Kearsley[6]. 

MODEL FOR THE ISOLATED DIVACANCY 

A detailed discussion of the localized model 
and its limitations may be found in the 
original paper by Coulson and Kearsley. It 
will suffice for the purposes of the present 
calculation to give a brief outline of the 
essential features as applied to the divacancy. 
As for the limitations of the model, these will 
be at least as serious in the case of the di- 
vacancy as they are for the single vacancy. 
At present, however, there seems no better 
alternative way of dealing with the problem. 

The carbon atoms of the perfect diamond 
crystal are considered to be in a tetrahedral 
sp‘‘^ slate, with each atom at the centre of a 
regular tetrahedron formed by its four 
nearest neighbours, to which it is covalently 
bonded. In order to create the di vacancy it is 
necessary to remove two adjacent carbon 
atoms as shown in Eig. I. Although there will 
be some deformation of the lattice around the 
divacancy, at the time of this study there was 
no quantitative evidence to suggest its extent. 
Therefore, in the first approximation we have 
neglected this effect and used the undislorled 
lattice parameters to specify the model, 
since this case provides the basis for further 
electronic calculations. A recent study by 
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F'lg. 1. Isolated divacancy in diamond-defect molecule 
of symmetry. 


Hasigiiti[7] using a simplified model and a 
restricted relaxation procedure suggests that 
the maximum displacement of any of the 
nearest neighbour atoms to the divacancy ia 
diamond is less than 0 05 A. In our model 
each of the six nearest carbon atoms to the 
defect will have three of its valence electrons 
still involved in the formation of localized 
carbon-carbon bonds to second nearest 
neighbour atoms to the divacancy. There 
remains a fourth valence electron which in 
the undisturbed lattice would be bonded with 
valence electrons on one of the two missing 
atoms. 

Following Coulson and Kearsley it is as- 
sumed that the electronic properties of the 
system in the immediate neighbourhood of 
the defect are dependent on just these six 
electrons- termed vacancy electrons. The 
distribution of these vacancy electrons in 
the electric field of the neighbouring atoms 
and the much weaker field of the rest of the 
lattice is therefore to be determined. The 
contribution to the potential field of the 
vacancy electron due to atoms which are not 
nearest neighbours to the defect will be small, 
because all these carbon atoms are fully 
covalently bonded and appear electrically 
neutral to a vacancy electron. 

This model involves two assumptions. 

Firstly, it is assumed that the vacancy elec- 


trons occupy orbitals which are localized in 
the region of the defect. 

Secondly, it is assumed that the energy 
levels of the vacancy electrons may be con- 
sidered without detailed allowance being 
made for such effects as exchange or polarisa- 
tion by other electron clouds. Coulson and 
Kearsley have shown that the transition 
energies are reasonably insensitive to the 
exchange effects, even though the absolute 
energies are dependent upon them. 

Because of the molecular character of the 
problem we are able to use the well-estab- 
lished techniques of molecular-orbital theory 
tp, simplify the calculations. Even if the rest of 
the lattice is not perfect, the present simple 
model will be applicable provided that the 
other defects are sufficiently separated from 
one another such that the interaction between 
their potential fields is negligible. 

MOLECULAR-ORBITAL WAVE FUNCTIONS FOR 
THE DEFECT MOI.ECULE 

The model of the defect molecule for the 
isolated neutral divacancy in the diamond 
lattice is shown in Fig. 1. We shall be pri- 
marily interested in the six vacancy electrons 
which, before the defect was created, were in 
the tetrahedral hybrid orbitals, u-/, associated 
with the atoms A-f \ These vacancy electrons 
originally formed covalent bonds with the 
valence electrons of a carbon atom at either 
O or O'. 

Three different internuclear distances are 
involved in the present calculation. AB = 
4-766 a.u., /f£' = 5*586 a.u. and /!/)- 7*343 
a.u. 

The symmetry group of the defect molecule 
is a solution of our problem may be 
achieved using either resonance among 
valence-bond structures, of which there are 
five canonical structures, or the method of 
molecular orbitals. We have chosen to use the 
latter method incorporating the linear com- 
bination of atomic orbitals approximation 
(l.c.a.o. method) and to apply configuration 
interaction to states of the same symmetry to 
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obtain improved energy values. This method 
is more convenient than the valence-bond 
method because of the non-orthogonality of 
the hybrid orbitals and the complexity of 
using the valence-bond method for such a 
large number of electrons. However, both 
methods become identical when ionic struc- 
tures are included in the valence-bond 
method. 

It can be shown that in a field of sym- 
metry and single-electron molecular orbitals 
belong to the following irreducible representa- 
tions 


occupied by at most two electrons, while 
each of the doubly-degenerale orbitals by 
at most four electrons. Since there are 12 
possible spin orbitals and six vacancy 
electrons there are 924 possible six-electron 
wave functions for the system. For this 
system of vacancy electrons we have in all 
37 possible configurations of the form 
Because of the restriction 
imposed by the Pauli Principle that the 
occupation number of any orbital cannot be 
greater than two the following restrictions 
are placed on m, n, r and .v. 


and ('fj. 

A suitable set of real non-localized single- 
electron wave functions, which are mutually 
orthogonal and correspond to these symmetry 
irreducible representations are as follows: 

u = Nziu b c — d — e — /) 
jc = V3 N:i { « + /? — 2c + t/ e -* 2/) 
y = N>i(3a - 3/? + 3c/ - 3c) 

Z — N iia h - 2c — d - e If)'] 

eu 

t= A/ 4 ( 3 n- 3 />- 3 c/+ 3 c) J 

where normalization constants are given by 


Nx ^ ~ 6(1 +25„/, + 25„p-h5,,rf) 

36( 1 Sah ~ Sae + Sad) 


0 ^ w, /? 2, 0 ^ f, 5 ^ 4. 

The symmetry states of the six-electron 
wave functions corresponding to the parti- 
cular configurations may be determined using 
the method of MullikenlS] of reducing 
through states of lower symmetry. Since 
holes transform like particles it follows that 
ef will transform like c„ and c,/ like c/iy, 
since the V,x shell’ is filled at four electrons, 
and similarly for cv The symmetry and spin 
multiplicities of the resultant states for 
eleven of these 37 configurations are shown 
in Table 1. 

THE HAMILTONIAN FOR THE SYSTEM 

The spin-independent Hamiltonian for the 
defect-molecule system (excluding exchange 
with non-vacancy electrons) may be written, 
in atomic units, in the following form 

// = //n+/y, 

where //o = V (TX F,)and 

^ ^ 'ij 


iitid S„,t are the overlap integrals. 

It is possible to obtain a more symmetrical 
complex set of orbitals, but these were less 
convenient to use in the present calculation. 
Each non-degenerate orbital may be 


/, y= 1, 2 n where n is the number of 

vacancy electrons. For the isolated neutral 
divacancy n will be 6. 

T, = = kinetic energy operator for 
the /Ih electron. K, represents the potential 
energy of interaction of the vacancy electron 
/ with the nuclei, the /k -shell electrons 
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T able I. Some allowed states for the neutral divacancy 


Configuration 

Number Description Symmetry of resultant states 


1 

2 "L *F„ 

5 (ii„(huVc'u '*£« + + 3'£u + M.,u + + ^/4 ,« + M 

b ^E „ 4 4’t'f, + 3'/:,^ + + Mg,, + M 

8 + 

9 ^£V + 4'*/t,, + 3‘/:„ + ‘’^2^+ + [fl+ '^J:. 

10 ih,hh.v,e,r 'E., 4-4*C„+ 3*E„ + '^, « + M,„ 


surrounding the nuclei of the divacancy 
atoms and with the bonded valence electrons 
of these atoms. I ho latter electrons may be 
considered to be in localized tetrahedral 
hybrids directed along the sets of unbroken 
bonds at /I l\ 

f herefore, 

\\ S r,, whored- /I, «.(\/),/:,F 

‘ jLmi " ' 

A 

and, for example, 

Ti, repulsion from the two Av'-shell 

electrons around atom A 
Hcpulsion from the tetrahedral 
hybrids around A 

As in the previous study, only Coulomb 
repulsions are considered to contribute to 
I'l, and use is made of the Geoppert-Mayer 
and Sklai approximation|9] to evaluate 
as has been outlined in the previous investiga- 
tion by CoLilson and Kearsley. The neglect 
of exchange terms is most serious in the case 
of intra-atomic integrals such as re- 

ferred to as ‘self penetration integrals’. 
However, the previous workers have shown 
that the energy separations of the lowest 
stales are fairly insensitive to the value of 
so that the above approximation 
is considered to be adequate for the present 
calculation. 


For the calculations reported here simple 
analytic forms proposed by Slater[]01 for 
the 2s and 2p wave functions were chosen. 
As m the earlier work, the screening constant, 
r, for these functions is chosen to have the 
value of 3- 19, the usual free atom value. 

A variational calculation for c was not 
attempted, because of the difficulty which 
exists in evaluating accurately three- and four- 
centre integrals and also it was desired to 
obtain a comparison with the previous work 
for the neutral vacancy. 

In principle it is possible to evaluate all the 
energy levels for each separate configuration. 

I he interaction problem between the 924 
six-electron wave functions arising from the 
37 possible configurations, simplifies on 
account of the overall symmetry properties 
of the Slater determinants. Thus there are 
198 six-clectron wave functions with sym- 
metry 180 with symmetry 60 with 
symmetry and 54 with symmetry ‘E,,. 
Even if wc make maximum use of the double 
degeneracy of the £-lype levels, we shall 
still have secular determinants of order 
30x30. In order to reduce this problem 
to manageable proportions some further 
simplification is needed. 

The aim of the present calculation is to 
determine the ground-state level and the 
excited levels near this state which result 
from the presence of a neutral isolated di- 
vacancy in the crystal. Therefore, we have 
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argued as follows, on the basis of a one- 
electron model. 

If we assume that there is no interaction 
between the vacancy electrons then it is 
possible to calculate the relative energies of 
the single-electron molecular-orbital states. 
Such a calculation using an empirical value 
for the one-centre Coulomb integral Q{Q=^ 
12-856 eV) and the calculated ‘self penetra- 
tion integral’ P(F = -1'15 eV), see page 1968 
for details, results in the following values for 
the energies 

,.lffM = -45.650eV 

^_43.080eV 
C = -^^X^--34'789eV 
/; = = - 36-74 leV 

(:l^) 

where is the single-particle operator of 
the Hamiltonian //. 

In the six-electron system, therefore, if 
there were no interaction between the 
vacancy electrons, one would expect that the 
three configurations 

and would be lowest in energy. 

Configurations in which one electron was 
excited from an orbital of or a^n symmetry, 
namely orbital v or /v, to an orbital of c\, or 
symmetry would be expected to constitute 
the next group of configurations lowest in 
energy. There are eight such configurations. 
A further group of 15 configurations results 
from the promotion of two electrons from the 
non-degenerate molecular orbitals into the 
doubly-degenerate ones. Interaction between 
the electrons will cause the levels from any 
one configuration to split. It would appear 
to be a reasonable approximation to assume 
that a calculation considering the inter- 
action between the first eleven configurations 
mentioned above would enable the relative 


ordering of the levels near the ground stale 
to be determined accurately. The present 
work has been concerned exclusively with 
the first eleven configurations with the ex- 
ception that the highest spin symmetry state, 
arising from the configuration 
has also been considered. 

With these approximations the problem, 
while still being formidable, becomes at 
least manageable. 

WAVE FUNCTIONS FOR THE SIX VACANCY 
ELECTRONS 

In order to represent the symmetry states of 
each particular configuration, shown in Table 
1, suitable six-electron wave functions are 
formed. These are linear combinations of 
Slater determinants and have the appropriate 
space transformation properties. These func- 
tions must also be chosen to be simultaneous 
eigenfunctions of the square of the total spin, 
and its z component. S.. In this way all 
the necessary wave functions for the various 
symmetry states may be written down. 

The energy levels of the various configura- 
tions, before configuration interaction, are 
now given by 

rv»._ Jt^n/^)//0(/?)dr 
^ frWilj{R)dr 

where is the six-electron wave function 
corresponding to a given irreducible rep- 
resentation R of the group llui. for a parti- 
cular configuration and given S and 5'.. 

On substitution of the appropriate wave- 
functions the integration may be reduced to 
a series of one- and two-electron integrals 
involving the molecular orbitals t. //. a*, y. : 
and t. These integrals may in turn be ex- 
pressed in terms of one- and two-electron 
integrals involving the localized atomic hybrid 
orbitals a, b. c. d. i\ and / Finally, all these 
integrals may be broken down into one- and 
two-centre integrals, of Coulomb, hybrid, 
exchange and ionic type together with some 
three- and four-centre integrals. 
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Fig. 2. Energy levels of a neulraJ isolated divacancy 
on Iho modified a.s.in^o. theory, (1) calculated using 

- 12-8.S6. /» --7-7‘)eV, (2) calculated using 

P- -16-42 eV. (a) Before configuralion 
mleriiction; (b) After configuration interaction. 

lions. The general eflect of this dependence 
is that all the energy levels become more 
compressed and hence configuraliondnter- 
action effccis even more significant as P 
decreases. This effect was also observed in 
the neutral vacancy calculation. 

For the divacancy system of symmetry 
(he components of (he electric dipole operator, 
which are proportional to .v, y, transform as 
follows 

z C A;,-, V.yct’„ 

Therefore, the allowed electric dipole 
transitions shown in Table 4 may occur 
provided the spin selection rule is satisfied. 


The energies of the allowed transitions 
from the ground state and from the 
level, which is within 0*3 eV of the ground 
state, are given below. If the level is 
0-3 eV above the lowest level the transition 
from would be very weak, if 

observable at all at room temperature. How- 
ever, it is possible that the level is closer 
to the ground slate than this in the actual 
crystal. 



Case 1 

P = -7'75cV 

Case 2 

/' = -|6’42eV 

'E„ 

1-23 cV 

0-75 eV 


3'55eV 

3-05 eV 

Ail,-* ’/1 1,1 

(6-73 eV) 

3-17 eV 


4 12 cV 

3-59 eV 


There are other possible transitions from 
the level, but these are even less likely, 
especially since the true value of P is probably 
closer to -7*75eV than to - 16’42eV, such 
that case 1 more closely resembles the true 
situation using the present approximations. 
It is noteworthy that for the neutral isolated 
divacancy the transition energy decreases 
with decreasing values of P, whereas, for the 
neutral isolated vacancy the reverse trend 
is observed. 

The explanation for this is (hat for the 
neutral isolated vacancy before configuration 
interaction the 'K and ‘Ta levels involved in 
the transition arise from the configuration 
and therefore contain equal admixtures of 
the one-electron molecular integrals. Even 
after configuration interaction the lowest 
levels arise predominantly from this configura- 
tion. However, for the neutral divacancy 
transitions must occur between levels of 
gerade and ungerade symmetry and these 
will, of course, arise from different con- 


Tahle 4. Allowed transitions with symmetry 


Initial state Azg Ai„ A^ Eu 

Final state | - -I"' „ 
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figurations and so contain different admixtures 
of the one-electron molecular integrals A, B, 
C and D. The varying dependence of these 
integrals on P, is the basic cause of the 
decrease of transition energies as P decreases. 

It is also interesting to note that if only the 
lowest group of states is considered it is easy 
to understand why the states of gerade sym- 
metry are lowered much more in energy by 
configuration interaction than the ungerade 
symmetry states. The former arise from the 
configuration and interact strongly 

with the gerade states arising from the con- 
figuration which also belongs to 

the ground state group of configurations’ and 
lie just above the lowest group of levels. 
However, to find suitable symmetry states 
to interact with the lowest ungerade states 
we must consider levels from higher configura- 
tions. These are, in general, of much higher 
energies and interact less with the lowest- 
lying states. 

The second-lowest level arises from 
the configuration and shows a 

strong dependence on P for reasons discussed 
previously. 

The present calculation predicts that since 
the lowest level is non-degenerate there would 
be no Jahn-Teller effect causing distortion 
of the nuclear framework in the ground state. 
However, there is always the possibility that 
Jahn-l’eller effects could split the level 
and shift one of its components to a lower 
level, below the '^A 2 y level. But since the 
lowering would need to exceed ^ eV we are 
inclined to think that this is rather unlikely. 

Since the lowest level is a triplet we 
expect the defect to be paramagnetic and 
hence to exhibit resonance in an E.P.R. study, 
whereas the neutral vacancy is predicted 
to be diamagnetic in the ground state. Many 
lines with spin 5 = 1 have been observed in 
E.P.R. studies and it is therefore possible 
that the origin of some of these lines lies in 
the electronic behaviour of the defect elec- 
trons of the divacancy in the neutral state. 

Also it is interesting to note that a transi- 


tion between the ^A 2 o and ^A^ levels is 
allowed only in the z direction. Therefore 
polarisation effects should be observed which 
would manifest themselves in optical dichro- 
ism studies. Also the low energy transition 
between ^A 2 u and ^Eu is allowed only in the 
a: and y directions. 

REUTION WITH EXPERIMENT 

We are now ready to compare our purely 
theoretical values with the results of absorp- 
tion experiments. In view of the various 
approximations inherent in our model we 
must not expect exact agreement, and in 
any case the interpretation of the experi- 
mental absorption curve of irradiated 
diamonds is itself uncertain. We may there- 
fore expect that our theoretical predictions 
might be of help in assigning the different 
parts of the measured absorption spectrum. 

The spectrum for irradiated type li 
diamonds obtained by Clark et [15] 
showed a broad absorption band between 
1-65 and 2*4 eV with an intense line at 

1- 673eV known as the GRI band and also 
a band in the u.v. region of the spectrum. 
This intense band commenced at about 

2- 8 eV and the absorption increased to a 
maximum near 4 e V after which it decreased 
only to be masked by the beginning of the 
region of continuous absorption. There are 
also sharp lines at 3-315 and 4*133 eV which 
have been used to measure the strength of 
the band [16, 17]. There have been several 
studies, for example [18], which suggest that 
GRI and u.v. bands arise from transitions 
within the same centre or from associated 
defect centres. 

It is also clear from many studies that the 
u.v. band is very complex. However, on the 
basis of the present quantitative calculation, 
it is suggested that at least part of this ab- 
sorption band may arise from electronic 
transitions involving the electrons immediate- 
ly surrounding the isolated neutral divacancy 
as the result of the spin- and orbitally- 
allowed transition. There also 
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exists the possibility of a transition between 
the levels. 

This calculation does not substantiate the 
possible association of the isolated neutral 
divacancy with the GRI band (]-65-2‘4eV) 
or with the TH5 band (2'3-2-8eV)[19], 
produced as a result of annealing the sample. 
It seems more likely that this latter band 
arises from some complex impurity defect 
being formed. 

The association of at least part of the u.v. 
band with a neutral isolated divacancy and 
the GRI band with the neutral isolated 
vacancy provides a consistent explanation 
as both these bands are produced by room 
temperature irradiation. The formation of 
divacancies should be possible at the energies 
of irradiation used in most investigations so 
far. Their formation involves the rupture of 
only seven bonds, whereas two single 
vacancies involve the breaking of eight 
bonds, and therefore they are quite likely to 
exist on energetic grounds. 

The predicted low energy transition be- 
tween the and level is also of interest. 
However, there seems to be no published 
work available of any investigations in this 
region. 

CONCLUSION 

The present calculation using a modified 
molecular-orbital treatment predicts elec- 
tronic transitions among the electrons 
surrounding an isolated neutral divacancy 
which would correspond to absorptions in 
the u.v. region of the spectrum. The spin- 
and orbitally-allowed transition 

is predicted as well as a low energy transition 
between the ^A 2 ,^ and '^Eu level. 


A broad band would be expected, because 
of lattice vibrations within the crystal and 
the influence of other atoms not considered 
in this calculation. This centre should be 
paramagnetic and show optical dichroism. 


A -One of us (F.P.L.) would like to 
thank the Rhodes Trust for the award of the Victorian 
Rhodes Scholarship 
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Abstract “The free energy of defect formation and the activation energy for motion of the most mobile 
defect have been determined from the ionic conductivity of as-grown and Mg-doped single crystals of 
lithium iodide. Values obtained are Sf-4‘5k, 106eV with /:Jcalion vacancy) = 043 eV, 

giving a defect concentration at the melting point JCu{Tm) =018at. %. concordant with the other 
alkali halides. 


INTRODUCTION 

Haven's examination [IJ of ionic conduction 
in the lithium halides suggested that lithium 
iodide was untypical in that the defect concen- 
tration at the melting point was an order of 
magnitude greater than values now accepted 
as representative for the alkali halides. In 
particular, conductivity enhancement in the 
extrinsic region by Mg-additions was less 
than proportional to the dopant concentration. 
Evidently the Mg-ion did not exert its full 
electrical effect either because it had been ex- 
tracted from substitutional solid solution by 
aggregation, or was paired with an unidenti- 
fied polyvalent anion. 

Attempts to grow lithium iodide single 
crystals by open-crucible techniques demon- 
strated that this substance is a good deal more 
reactive than hitherto recognised. Thus the 
molten salt oxidises freely in dry air releasing 
iodine, whilst the solid salt is both extremely 
hygroscopic and readily hydrolysed. Specifi- 
cally, the trihydrate can not be dehydrated 
without decomposition above its melting point 
(63°C). For these reasons it is likely that 
Haven’s experimental procedures led to 
crystals contaminated by oxide which could 
combine with the added magnesium. 

Accordingly we have re-examined the ionic 
conductivity of lithium iodide single crystals 
grown in closed ampoules by the Bridgman 
technique. It has not proved possible to 
analyse for oxide ion. 


EXPERIMENTAI. 

Preparation 

Lithium iodide trihydrate containing less 
than 100 ppm of altervalent cations was finely 
powdered in a glove box flushed with dried 
oxygen-free nitrogen and introduced into 
bulb /I of the purification apparatus illustrated 
in Fig. 1, where it was dehydrated at about 
50'‘C under a pressure of 10“^ Torr. for 20 hr. 
The temperature was then first gradually 
raised over some 10 hr to 230°C in order to 
complete dehydration without incipient melt- 
ing, and finally to SOX above the melting 
point of the anhydrous salt {446X), when a 
dried mixture of hydrogen and hydrogen 
iodide was bubbled through the melt for 2-3 
hr to displace oxide and hydroxide. The so- 
purified melt was then run successively into 
the pre-heated globe B and through the glass 
fibre filter into globe C, where it solidified 
and remained while the ampoule was evacu- 
ated and sealed at point D. 

Crystals grown in ampoule £ in a Bridg- 
man furnace with a temperature differen- 
tial at the baffle of 500:430X at a lowering 
rate of 6 mm/hr were transparent, colourless 
single-crystalline boules which did not adhere 
to or etch the Pyrex ampoule and could be 
cleaved on ( 1 00) into 5 mm cubes. 

Doped crystals were prepared by adding 
the appropriate amount of dehydrated 
magnesium iodide to anhydrous lithium 
iodide from previous preparations and re- 
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Kig. ) . Arrangement for tilling the growth ampoule with 
anhydrous lithium iodide. 


peating the procedure starting with the 
Hj/HI treatment. 

Electrodes were applied with a soft graphite 
rod. All handling took place in an atmosphere 
of dried nitrogen. 

Analysis 

All crystals proved to contain approximate- 
ly 40 ppm of ferrous ion. determined by 
emission spectroscopy and standard colori- 
metric techniques. Magnesium added in 
concentrations ranging from 1000 to 10,000 
ppm produced concentrations in the single 
crystals of only 30- 120 ppm as determined 
by sodium HDTA as titrant with Eriochrome 
Black T as indicator. Evidently the solubility 
of magnesium ion in lithium iodide is low. 
Analyses for four crystals are summarised 
in Table 1. 

Conductivity measurement 

The general techniques are reported else- 
where[2]. In this work, the conductivity was 
measured at 10 kHz. 


Table 1, 


Crystul No. 

Impuuiy contem 
(Mg‘^ -f- ) ppm 

1 (as-grown) 

70 

2 (doped) 

70 

3 (doped) 

100 

4 (doped) 

160 


RKSlif.TS 

Plots of log , 0 0-7 vs. 1000/7 ""K over the 
whole temperature range are illustrated in 
Fig. 2 for two specimens cut from Crystal 
No. 1. Note that the intrinsic region [ is 
straight within experimental error, and that a 
so-called ‘knee-temperature’ (1000/7) can 
be defined as the intersection of region I with 
the extrinsic region H. This extrinsic region is 
plotted on a larger scale in Fig. 3 for four 
crystals. The intrinsic regions of these 
crystals are superimposable, and extrinsic 
conductivities are reproducible within 5 
per cent. In spite of appearances, there is no 
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Fig 2. The intrinsic (1) and extrinsic (II) regions of the 
ionic conductivity plot for two specimens of as-grown 
material. 



lOOO/T-K 

Fig. 3. The extrinsic regions for four represenlaiivc 
crystals listed in Table L 

systematic dependence of the slope of region 
1 1 on dopant concentration. 

ANALYSIS OF THE DATA 
The linearity of region I supports the view 
that one charge-carrier is dominant. Since 
the conductivity at low temperatures is 


enhanced by magnesium additions and the 
intrinsic region at no stage falls below the 
extrinsic region, we conclude that such 
Frenkel disorder for which the interstitial 
is more mobile .ban the vacancy can be 
excluded, and that the single charge-carrier 
is the cation vacancy, probably arising from 
Schottky disorder. Accordingly the Slasiw- 
Tellow no-association theory [3] as formulated 
by Dreyfus and Nowick 1 4) is applicable. 

Within this framework, the site fraction of 
cation vacancies in equilibrium at the ‘knee- 
temperature' is characteristic of pure material, 
and is equal to the concentration of added 
divalent calionslS]; the slope of region 1 
is given by and the slope of region 

II by hjk. Adopting the most reproducible 
value of h„i = 0-43 eV one obtains from the 
slope, of region 1 {0*%eV) a value for 
hf=- l-06eV. Using ‘knee-temperatures’ 
(1000/7) for crystals 1, 2, 3 and 4 of 1-90; 

I ‘91; 1-87 and 1*80, respectively, with the 
above value of /?/ the entropy 5/ is calculated 
to be 4-5 k. This corresponds to a defect 
concentration at the melting point of =- 
0’18at.%. 

The present results contrast sharply with 
values given earlier by Haven of /// = 1 *34 eV ; 
/F„ = 0-42eV with .rn(7,„)= ]'17al.%. but 
are concordant with entropies of formation 
of 6’2k for NaCl[6J and 5-4k for KCI[7]. 
No reliable values of greater than 

0-2at.% have been reported for Schottky 
disorder in other alkali halides [8], so we 
surmise that Haven's material contained a 
high concentration of electrically ineffective 
magnesium combined with oxide. Neglect of 
residual oxide impurity means that the 
present value of J(i( 7,„) is an upper bound. 

Aiknowledgcnwni-y^t thank the Science Research 
Council for they ward of a Studentship to B. J. 
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THE EFFECT OF PREFERRED CRYSTAL GROWTH 
ON THE ANGULAR DEPENDENCE OF THE 
MAGNETIC-TRANSITION FIELD IN QUENCHED 
THIN In FILMS* 

C. K. SCHIIXER and H. BlILOW 

Department of Physics, Wayne State University, Detroit, Mich, 48207 U.S.A 
{Received 9 September 1968) 

Abstract-The critical held behavior of superconducting thin In films, quenched on substrates held at 
liquid He temperatures, is investigated right after the evaporation and during the annealing. The 
eAperimcntaJIy determined angular dependence of the critical held, //^ is compared with the prediction 
of the I'inkhaml 1] theory. For all quenched In-hlms a departure of the angular dependence of Hr from 
the theory of Tinkham is found for the 300°K anneals for angles m the range from approximately 
0“-30° This departure is explained by the preferred growth of In crystallites on annealing. The 
purpose of our investigation was to examine the angular dependence of the critical held, and its relation 
to changes in defect concentration and crystallization processes. 

EXPERIMENTAL CONCEPT AND PROCEDURE fjiiyig ^gj-e warmed up to successive higher 
There are two commonly used approaches temperatures up to room temperature. After 
for studying the effects of defects in solids each annealing stage measurements would be 
which can accomplish this. It is possible to made with the film recooled to liquid He 
begin with a very pure material into which temperature. The magnetic field was produced 
defects may be introduced by doping, alloying, by a Varian V-3400 rotable magnet with 
radiation, plastic deformation, or other similar 9in.-pole faces and 2-5 in. gaps. The field 
methods. A second procedure, the one which strength was calibrated periodically with a 
was employed in the experiments described rotating coil gaussmeter checked against an 
herein, is to begin with as high a concentration NMR probe, and had a maximum value of 
of defects as possible, and subsequently anneal 1 1 -2 kG. For the total arrangement of experi- 
them. A similarapproach is taken, for instance, ment see [14]. 

in radiation damage experiments where de- The relative orientation between magnetic 
plelion zones are produced and then annealed, field and film plane was such, that an angle 

The films were formed as in previous papers ^ = 0 meant, that magnetic field direction and 
[2-4] by quenching the metal vapor on a film plane were parallel to each other, 
perpendicular cut quartz single crystal sub- For the analysis of the experimental results 
strate held at liquid He temperature. After the the theory of Tinkham [11 was used. Tinkham 
evaporation process measurements were made in his paper the prediction that the per- 
begun of the dependence of Hp on 0, where 6 pendicular critical field is given by 
is the angle between the field and the plane of 2 /t\w 2 

the film. The transition was measured resis- H^'P = — - 

lively, using currents of 0-80 m A, orthogonal 

to the field and the normal to the film. The = 6-06X 10‘A/( T)//;h(T) (1) 

•Partly supported by the Atomic Energy Commission which depends only on known quantities. 
underAECContractNo. AT(I1-I)-I054. and and thus leads to a 
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parameter free determination of J/,i. This done by the author|7) showed that nniim^ 
result is equivalent to that of Abrikosov |6| lor would be a good element to choose Im |f,j^ 

the critical field //,, of bulk Type II super- study, since it showed a preferred oritr.t.,iK,„ 
conductors, in which the flux is shown to for the majority of crystallites on annealing 

penetrate in a vortex structure similar to that between W and 18(1 k, and coniuuitci ^ 

described by Tinkham. grow with this preferred orientation unn 

For angular dependence of the critical field room tempeiaturc was reached. The growth i> 
Tinkham predicts a critical field vs, angle such that either the 202 or 220 planes nrt 
relation of the form: perpendicular to the surface of the substrate 

60 per cent of the oriented crystallites hlvi 
NcSinO r //^ cos 0 1- ^ the 202 plane perpendicular to the substrati 

ffci f^,ii J ~ remaining 40 per cent in the 221 

orientation. An advantage of choosing indiun 
where Wci is given by equation ( 1 ) and Nrii by would be the fact that for the first two anneal 
equation (2) in Tinkham’s paper [IJ. 8 is the at low temperatures, the film would be ran 
magnitude of the angle between the field and domly oriented, and should agree with thi 
the plane of the film. For a thin film ffn Hen, theoretical predictions, whereas if there wer 
and the first term will dominate over a con- going to be any deviation, it would be expecte 
siderable angular range. The fact that the only for the higher temperature anneals (fo 
variation is with sinS rather than sin’tl is example the 1 80° and 300°K anneals), 
important for explaining the extreme sensi- 
tivity of critical field measurements to small presentation and analysis of the 
perpendicular field components. EXPERIMENTAL RESULTS 

In the analysis of our experimental results The experimental results and the theoretic; 
we used Tinkham’s theory in the following curves for indium arc shown in Fig. I(a.b). ; 
way. The angular dependence results are should be noted that for some of the annea 
compared directly with equation (2), Knowing the critical field wa.s beyond the measurin 
the extreme values and /f,„, that equation capability of the equipment for angles nei 
predicts a curve for intermediate values of //, 0°. in which case the measured critical tieic 

which can be compared directly with our for the angles ne:irest zero which could t 
measured values. obtained were used to extrapolate a value fi 

The temperature dependences for and using equation |2) and this value oi H 


HrhU) are approximated by the usual Gorter- 
Casimir relations; 

//,.,(() = //wT0j(l-/-) 
where f = TIT,- 

In another paper we have shown that 
Tinkham's theory works very well in the cases 
of Quenched Pb- and Sn-Filmsl4l with ran- 
domly oriented crystallites. Of special interest 
in this investigation was whether or not a 
preferred orientation of the crystallites within 
the film would lead to a disagreement between 
experiments and theory. Earlier experiments 


would then be used to generate the entii 
curve. The end point determined in this wu 
may be in error by a large amount, but it 
effect of such an error in the generation of it 
curve is relatively minor due to the fad ih 
the first term predominates over such a larj 
angular range. For example, if H,.n lor it 
6’0°K anneal curve for Film 109 is taken lo t 
20 kC rather than 17 kG. an increase of I 
per cent, the resultant increa,se in the prcdicte 
valueof//Jor8 = 1 0° is only .T6 per cent. 

This extrapolation did not have to be per 
formed for the 300'’K annealing temperature 
since was within our capability. This is ai 
important point since it is the angular depen 
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Figs. 1 (a, b). Angular dependence of the critical field (measuring temperature for 
In-Film 109 = 3*7®K, for In-Film 110= 3 ■8‘'K; thickness of In- Film 109= 1750 A, of 
In-Film 110 = 1072 A). 


dence for this annealing temperature which 
shows the greatest deviation from the theoreti- 
cal predictions. 

Reluming to Figs. 1 (a,b), we note that as 
expected the experimental points and theoreti- 
cal curve are in close agreement for the first 
two anneals. For room temperature anneals 
the deviation from the predicted angular 
dependence is evident. The maximum devia- 
tions are 32 per cent for Film 109 and 12*3 per 
cent for Film 1 1 0. These maximum deviations 
occur within 15° of 0°, and the deviation is 
very small for angles greater than 45°. 

These results are interpreted in the light of 
the known preferred orientation of the 
crystallites on annealing as follows. For 0° 
the magnetic field ‘sees’ a cross-sectional area 
of the film equal to the thickness of the film 
times the length. The orientation of the 
crystallites can not have a large effect, since so 
small an area is shown to the field (about 
10"^cm’0. As soon as B is increased from 0°. 
however, the cross-sectional area presented to 
the magnetic field is enhanced by the oriented 


crystallites, and the larger area presented to 
the field causes a lower critical field value to 
be observed.’" 

Thus as B is increased the experimental 
points will lie below the theoretical curve, 
until the projected area of the film surface 
normal to the field has masked out the effect 
of the orientation. This is what is expected 
and found. 

For Film 109 the third anneal took place at 
177°K and shows the effect produced by re- 
tarded crystallization. This anneal also shows 
a large deviation of the experimental points 
from the theoretical curve, which is in the 
opposite direction from the observed deviation 
for the 300°K anneals. The reason for this 
behavior is some mechanism which has re- 
tarded the recrystallization until about 177°K, 
and this contention is supported by the be- 
havior of the resistivity changes of this film, 
(not shown here). 

*The basis for this statement is the same argument as 
presented in Tinkham's paper concerning the difference in 
magnitude in for parallel and perpendicular fields. 
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The cause of retarded growth would be an 
impurity or impurities of some kind, and the 
most suspect is the presence of some water in 
the film. 

This is supported by the fact that some ol 
the electron diffraction patterns show ad- 
ditional rings at about ISO'^K which had the 
correct radii to correspond with ice. These 
rings disappeared upon further annealing. It is 
our belief that this impurity would be the most 
likely to cause the behavior which we observe. 

CONCLUSION 

A good agreement of the angular depen- 
dence data with the theoretical predictions for 
I n for films with randomly oriented crystallites 
is found; the defect concentration does not 
greatly attect the angular dependence of the 
measured critical fields, since the theoretical 
and experimental points are in accord for 
several annealing temperatures for films with 
very different concentrations. The behavior of 
quenched indium films annealed to room 
temperature demonstrates that the orientation 
of the crystallites is important, however. 


The large increase in //, right afU*, 
quenching follows from the high dcfisiiv ol 
defects with consequent increase m 
penetration depth and a correspondirigK su\[[\ 
mean free path. The decrease in H, dunniMh^ 
annealing of defects is coupled with a 
in and an increase in/. 

In summary, these experiments sIh^v. 
the theory of the behavior of the cntk.il 
ofthin metal films a.s presented by M in^kli Ki, 
based on the concept of tlux qiianii/,i(|, 
vortices, provides a good description !ni mi^[ 
films, as long as no preferred orKni.iiin'i 
crystallites within the films exists ! 
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INTERMOLECULAR INTERACTION AND INFRA-RED 
SPECTRA OF THE THREE CRYSTALLINE PHASES 
OF POTASSIUM NITRATE- 11. 
INTERNAL-LATTICE COMBINATION BAND REGION 

A. A. SHULTIN and S. V. KARPOV 
Institute of Physics, Leningrad Stale University, Leningrad. U.S.S R. 

{Received 1 5 1968) 

Abstract - Polarized i.r. absorption spectra (in the region 7n0-]300cm‘') of binary combinations 
between internal and lattice vibrations for the three crystalline phases of potassium nitrate are in- 
vesligated. They are treated mainly according to the selection rules in the factor group representation. 
However, the branch dispersion and the state density are important for the interpretation of low- 
temperature and ferroelectric phase spectra. The broad combination absorption maxima in the high- 
temperature spectrum are associated with the orientational lattice disorder in the (00 1) plane 


INTRODUCTION 

In the previous article[l] we gave the 
principal results on fundamental nitrate-ion 
internal vibrations in the three crystalline 
modifications. Numerous absorption bands 
due to combinations of lattice modes were 
observed in the course of that work. 

The general features of the optical behavior 
of the crystal both in absorption and in the 
second order Raman scattering, were dis- 
cussed by a number of writers [2-5], who 
established the basic principles of obtaining 
selection rules and noted a possible signifi- 
cance of the phonon branch dispersion. 

Combined with the properties of the fre- 
quency distribution function in the vicinity of 
the Brillouin zone critical points, this may 
lead to the observation of a most complex 
spectrum. These data must form the basis 
of a detailed interpretation of the second order 
spectra but they are now available only for a 
few simple crystals. 

In a recent paper Nusimovici[ 6 ] discussed 
in detail the symmetry properties of the KNO.^ 
lattice in different phases and obtained, in 
particular, selection rules for the second order 
i.r. and Raman spectra. We shall consider his 
results further. 


KNO,-Il 

The KNO 3 low-temperature phase has a 
simple orthorhombic Bravais lattice (DJJ = 
Pnma, z = 4). The number and types of the 
lattice modes can be obtained by taking into 
account the unit cell transformation properties 
by Bhagavantam's method [7], These data are 
given in Table I. Separation into external and 
internal cell vibrations is possible due to the 
large differencies between correspoadii^ 
frequencies. Separation into translational and 
librational lattice modes appears to be a more 
difficult approximation, since there are only 
qualitative considerations as to the true form 
of normal vibrations for lattices built of mole- 
cular ions[ 8 -ll]. For this reason and owing 
to the relative lattice complexity (see[I], 
Fig. 1 ), we do not present drawings of the unit 
cell external vibrations. 

Raman spectra have been studied in 
[12,13]. The most complete data available 
[14] give the following lattice frequencies at 
room temperature: 50 (Bj^, B,,a), 65 (B,„). 
83 (B 2 „,B 3 „), 103 (B,,). 122 (B3,), 133 (BJ. 
138 (A,) cm*'. 

The far i.r. study[15] of a powdered sample 
reveals frequencies of 130 and 152 cm''. 

The spectra of KNO3-II obtained in this 
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Table 1. The number and types oj the KNO;,-!! cell eihrathtn symmetry 


Symmetry 

fotal number 

N umbel of 

Number of 

Number ol'mteinal 

type 

of vibrations 

transKiiions 

libralions 

vibrations 

A„ 

9 

4 

1 

4 


6 

■) 

1 

s 


6 

1 

1 

s 

B(„ 

9 

4 

1 

4 


6 

T 

1 


Bii( U1 

9 

3 f 1 

1 

4 

( v) 

9 

3 f 1 

! 

4 


6 

1 f I 

T 

s 


at 80° and 3()0°K are plotted in ¥\^s. 1 
ai)'l 2. Apart from the nitrate ion internal 
vibration bands, many intcrnaMatlicc com- 
bination bands were observed. 

The combination absorption bands in the 
spectra taken with orientations E || a and 
E II h show a marked similarity. This is due to 
the local field around nitrate ions which is 
only slightly different than the trigonal one. 
1 he arrangement of cations with respect 
to anions is of symmetry, whereas the 
anion’s site-symmetry is Qs. This symmetry 
lowering is due to a vertical shift (by i of the 
cell parameter) and a 60° rotation in the ion 




Mtors nunMri.crrH 

hig r Polarized i.r. spectra of XNO,-if single crystal 
al 300"K. 2-Ej|A. (001) p/ale }OOm Ihwk 

3-Ell (■,(100) plate 1.30^ (hick. 


Fig. 2, PolariZMi i.r. spectra of KNO,-ll single crystal ; 
!tO°K 1-E|(a; 2-E||/>. (001) plate ihick 3-Ki|. 
(OlOlplale I50pihick. 

plane suffered by one half of the total numbe 
of nitrate-ions. The angle between the optic; 
axes of KNO:,-ll is about 7“, the rcfractio 
indices in the (001) plane differing by onl 
101 

Since there is little information on the vak 
of the inlermolecular interaction constani 
we must consider the factor-group sckciit 
rules (i.c. Brillouin zone I'-pointi, assumi 
that the transitions allowed in this approxin 
//on lire more prot>nhlel2}. 

SeJec/ion rules for binary combi nu 
in/arna! vibrations and P}, allowed tn ;it 
sorption in the Brillouin zone centre are yivn 
in Table 2. 

The pattern of combination bands with a 
lota//y symmetric internal vibration, r,. is 
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Table 2. Selection rules for binary combination transitions in 
the lattice with Ci and internal vibrations in the zone centre 


t', und intramolecular 
Vibration symmetry types 

Symmetry types of lattice vibrations active in 
combination transitions 

along a 

along h 

along c 

B,„ 

B,. 

K 





B^. 

A„ 


B,. 

B|u 

B,. 

Au 

B,„ 



ihc simplest, since the insignificant value of 
the vibration resonance splittingfl] causes 
no extra complications. The strongest lines 
with maxima near 1202 cm '(Kig. 1 , spectral 
and 2 ) can be assigned to combinations of the 
internal mode with external vibrations 
Bo„ and These, in turn, result from the 
coupling between and NOf sub-lattice 
translational vibrations in the opposite phase 
towards the a and h axes and nitrate-ion 
librations. 

Similar combinations with internal vibration 
can give rise to the bands at 863 cm‘^ 
(E II E||/?) and a shoulder at 860 cm"^ 
(E II c). These bands are more distinct in the 
spectra obtained at a liquid nitrogen temper- 
ature (Fig. 2). 

Despite the identity of selection rules for 
binary combinations occurring with internal 
modes and Uz, the region of sum transitions 
with the latter differs from that of the mode. 
This is due primarily to the 1^2 vibration com- 
ponent splitting by approximately 15-17 
cm ’. By taking into account the symmetry 
considerations and comparing the values of 
the lattice sums in the point dipole approxima- 
tion, it is possible to locate the inactive 
vibration components*. The scheme of the 
mode resonance splitting in an NOt ion 
in the lattice of KNO 3 -II is presented in 
Fig. 3. However, comparison of the absorp- 


*Thc writers wish to express ihcir appreciation to 
M. V, Belousov who performed a number of calculations 
of dipole lattice sums for the aragonite structure, 


0-6 cm"' 



Raman 

83^ (Y) 844cm-' 


B„t2)829cfn-I 


A4 Roman 


Fig. 3. Correlation splitting of the nitrate-ion vt mode in 
KNOg-ll at 300“K. The value of the dipole lattice sum 
is given for each term. 


tion curves in the regions under consideration 
(1202 ^ 988cm ^ 1 165 946cm '. 1125-^ 
908 cm'* and 1113 892 cm"*. Fig. 1 . curve 

1 ) does not completely fit in with such 
a diagram, because in this case the com- 
ponent t'o (Ay) must have a frequency of 
about 845 cm * in the zone centre. Since the 
internal mode branch dispersion has a value 
of approximately the distance between the 
extreme multiplet components[I 6 ], one can 
assume that the phonon interaction occurs 
mainly when the exciton states of the 1^2 
mode are located near the Brillouin zone 
boundary. 

The factor-group selection rules are dif- 
ferent for combination translations in polar- 
izations E II a and K \\ h. In the first case, the 
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translational modes may occur along the a 
axis, whereas' in the second case, similar 
vibrations may occur along axes h and c. 

On the contrary, librational movements of 
molecular ions can make the greatest con- 
tribution to the combination absorption in 
polarization E || a (Table 2). Therefore, the 
simplicity of the spectrum in this polarization 
(curve I, Figs. 1 and 2) suggests, in contrast 
to the conclusions of [17], that the combina- 
tion absorption bands are essentially of a 
translational origin. 

At 80°K a number of combination bands 
reveal a more complex structure. The lack 
of quantitative data on KNO^-Il lattice 
dynamics, however, prevents a detailed inter- 
pretation of a number of absorption bands. 

In Figs. I and 2 the combination absorption 
bands are seen to be sharply polarized in the 
(001 ) plane. This fact is of particular interest 
due to the identical factor-group selection 
rules for binary combinations in E || h and 
E 11 c polarizations, whereas the consideration 
of a possible contribution by the rest of the 
Brillouin zone points leads to absorption band 
depolarizationl2]. Such a result can be ex- 
plained by the difference in intermolecular 
interactions in the ( 001 ) plane and in the per- 
pendicular direction, this difference mani- 
festing itself, in particular, in a considerable 
anysotropy of the crystal thermal expansion. 

According to |18] a, - 23-5 X 10~^ 0:2 = 
22 X 10 « and a, - 182*6 x 10 ^'^ in the 30^^- 100° 
C range. In this case the thermal expansion 
ellipsoid axes are parallel to the a, h and c 
axes. 

7 'herefore, the intermolecular interaction 
should be weakest along the c axis. 

INFKA-RED SPECTRA OF THE FERROELECTRIC 
PHASE FOR CRYSTALS KNO 3 , KoiRbom 
AND Ko,i(NH4)«4NO, 

The KNO^-IM structure is the simplest 
one: the lattice is the primitive, space group 
Z- 1. 

The number and symmetry types of the unit 
cell vibrations are given in Table 4, the lattice 


vibration form being given in Fig. 4 . The 
crystals in which part of the cations are 
replaced by Rb^ or NH 4 ^ possess a similar 
structure. The ferroelectric phase of a 
(NH 4 )j.N 0.3 crystal becomes stable (for 
X > 0*2), whereas the phase Ki_j.RbjrNO:i, 
being metastable at atmospheric pressure, 
occurs in a broader temperature range. There- 
fore, it was of interest to study the mixed 
crystal spectra as well. 

Experimental data on i.r. and Raman 
spectra of KNO 3 -II] are scarce [14, 19]. 
Balkanski, Teng and Nusimovici reported a 
broad band near 120 (£) cm ’ in the Raman 
spectrum as well as 3 lines corresponding to 
the nitrate ion internal vibrations: 716 (£), 
1057 (/I j) and 1352(E) cm'. 

Infra-red spectra of KNOj, Ko 7 Rb(,.;iNO;i 
and Kf,.#i{NH^)o- 4 NO.-, crystals obtained 
simultaneously with the observation of the 
dielectric hysteresis loop are given in Figs. 
5-7. The frequencies of absorption maxima 
are presented in Table 5. 

The spectra of the same polarizations are 
quite similar for all of the samples. The most 
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Lig. 4, Form of KNOj-lll unil cell normal vibratiohs. 



Fig. 5. Polarized J.r. spectra of KNCVIll single cry.sial 
at 387"K. I-Elf, (001) plate: 2-E || f, (010) plate 
150/Lt thick each. 
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Table 3. KNOu-H band frequencies 


80“K 

300°K 

Polarization Assignment* 

80"K 

3()0‘’K 

Polarization 

Assignment 

714>5 

715-2 

a 


1002 

989 

h 

V 2 + 152(B2u) 

715-2 

716-0 

b 


1004 

988 

a 

*>.+ I54(B-,J 

770 


a, b,c i'4-I“53 

1030 

1030 

a, b 

1/,(N'^0'«02“‘) 

797 

790 

u, h, 1 

C 1^4 + 81 

1049 9 

1050-0 

h 

i^iK) 

814 

812 

(■ 

I'itN'-'Ori 

105 10 

105 FO 

c 

Vi(B,u) 

829 

829 

c 


1105 


h 

i/, + 54 

846 

844 

h 

U'l (Bju) 

1115 

1112 

a, h 

1/, + 65 

870 

863 

(Lh,c 1 / 4 - 1-155 

1130 

1125 

a 1 





(B,„. B,,„) 



1 

I'.+s: 

890 

874 

h 


1133 

1125 

^ 1 


899 

891 

h 

1^2 + 54 

1154 


h 

i/,+ l03 

913 

906 

a, b 

I'l -V 65 

1167 

1164 

0 , h 

1', + 116 

917 


h 

i’i + »2 

1181 


a, b 

i/,+ 130 

923 




1192 

1207 

c 

»/. + i41{B,J 

942 


h 

Vl + 103 

1203 

1202 

h 

V| + !52(B2„) 

958 

933 

h 

1^2+116 

1206 

1202 

a 

I', + l54(B-jJ 

970 

946 

h 

1/2 + 130 

1294 

1207 

t 

r,-56(?) 


^Frequency values in this column refer to the spectrum at 80“K. 


Table 4. The number and types of the KNO.i-lil unit cell vibration symmetry 


Symmetry 

type 

Total number 
of vibrations 

N umber of 
translations 

Number of 
hbralions 

Number of 
internal vibrations 

A| U) 

4 

1 + 1 

0 

2 

A; 

1 

0 

1 

0 

f(.t, y) 

5 

1 + 1 

1 

2 



Fig. 6. Polarized i.r. spectra of KoTRbosNOn-Hl single 
crystal. I-E 1 c\ 380°K (001) plate 350 ^ thick; 2-E || c. 
387°K (100) plate 1 50 /li thick. 


essential (iifference is in the appearance of 
the V] band in Ko.6(NH4)o4N03 and Ko rRho-;! 
NO3 spectra with E 1 c. This is probably 
due to the lowering of the nitrate-ion site- 
symmetry in mixed crystals to Ci (ionic radius 



Fig. 7. Polarized i.r. spectra of Kofi(NH Jo 4^0.5-111 
single crystal. I-E 1 r, 3H7“K (001) plate 350^ thick. 
2-E II c, 390"K (0 1 0) plate 1 50 ^ thick. 


/?K^ = I '33 A, = 1-48 A). Weak bands in 
the 870-990 cm' and 1 100-1 150 cm-' 
regions belong to transitions that result from 
the coupling with lattice vibrations (Figs. 
5-7, Elc). 
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Selection rules for binary combination 
transitions [6] allow the appearance of 
/4, 0 £, E® E combinations in this polar- 
ization in the centre zone, as well as a number 
of combinations of the type Zj ® Zi, © Zy 
and A © Dj {i. y-1, 2), where 

Zi, and D, are irreducible representations 
in the respective points on the Brillouin zone 
boundary. 

It should be noted that separations of com- 
bination bands from the band in the i 100- 
IlSOcm''^ region do not coincide with those 
for similar bands in the vicinity of Pz absorp- 
tion (870-950 cm ^). Since Vi and internal 
modes belong to the same representations, 
their binary combinations are formed with the 
same lattice vibrations. 

Therefore, the difference in the observed 
combination band separations are due to a 
difference in the branch width of P] and p., 
vibrations. 

The data on the combination p 2 -^i^l bands 
may suggest that the p^, branch width is about 10 
cm \ the frequency of this vibration having a 
lower value on the zone boundary. Certain 
difficulties are faced in the attempts to at- 
tribute the combination absorption maxima 
to a definite lattice vibration. Two degenerate 
lattice vibrations (Fig. 4) form coupled 
vibrations. The broad band near 120(E) cm' ^ 
as well as the weak peak observed near 50 cm^^ 
in the Raman spectrum ( 1 4] may be due to this 
coupling. Combination bands i^,-l-(97 100) 

cm''^ Pi + (50 " 52) cm“^ and P 2 -\- (40 ^ 45) 
cm'^ are probably due to the participation of 
these vibrations. 

The occurrence of r2T70cm“' and + 
(74 77) cm'” bands can be attributed to the 

singularities of the frequency density dis- 
tribution function in the vicinity of Z, A and 
D normal critical points. 

The participation of acoustic vibrations in 
combination bands is allowed by selection 
rules, but additional investigations are 
required to explain their role in combination 
absorption bands. The absence of an absorp- 
tion maxima in the Pn — Vi region is note- 


worthy since the spectra were taken at 
T = 380°-390°K. Under these conditions, 
the Boltzman distribution must lead to the 
bands of difference combinations (for p^ ^ 
50-100 cm'”) comparable in intensity to the 
sum bands. 

Unfortunately, we failed to observe com- 
bination bands with the type^^, lattice optical 
mode connected with ferroelectric KNOy-III 
properties. 

The combinations of this mode with p^ and 
P 2 internal vibrations are forbidden for E 1 c; 
all the spectra with E || c polarization, as in 
the case of KNO^-ll, contain almost no 
combination bands. 


KNO3-1 

The structure properties for the KNOy 
high-temperature phase were discussed 
briefly in our earlier p'aper(l]. 

Some data, in particular the analysis of the 
band width temperature dependence for 
certain internal vibrations [20j, does not 
confirm the hypothesis of a free nitrate-ion 
rotation previously suggested. 

A two-dimensional orientational nitrate-ion 
disorder (‘orientational melting') in layers 
perpendicular to the axis must lead to a 
broadening of the bands corresponding to 
the ordered lattice vibrations. 

The data for the low frequency Raman 
spectra of KNOy-1 are somewhat con- 
tradictory. Nedungadi[l2] reported the dis- 
appearance of 100, 126 and 143 cm*' bands 
at 7 - I20°C; according to his data, the 82 
cm'” band becomes very broad at 7 = 170°C. 

Chisler[21] observed in KNO;rl the dis- 
appearance of the 50 and 81 cm“‘ bands and 
the occurrence of a broad band near ! 20 cm'”. 

Balkanski et al[\4] did not observe any 
bands in the low-frequency region of the 
Raman spectrum for this phase. 

Chisler excited the Raman spectrum by 
means of a mercury arc, while the authors of 
the latter paper[l4] used the Ne-He laser. 

If the assumption of the KNO^-l lattice 
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consisting of ‘micro-domains' is true, then 
under certain conditions the interference of 
coherent light scattered on the ‘micro-domain' 
low-frequency vibrations may considerably 
diminish its intensity. Apart from considera- 
tions given in [14] this hypothesis seems to us 
to be worth verifying. 

In the interferometric study of the KNO^ 
reflection spectrum at 24'" and 146T in the 
12-100 cm~* range, Chen and Chemow[22] 
obtained an almost flat curve at a level of 
(I5±3)%. 

The K.NO-I spectra observed in this paper 
are given in Fig. 8, the absorption band 
frequencies being given in Table 6, There 



Ktg. K Polarized i.r. spectra orKN();rl crystal al 4I3''K 
(001) plate thick; 2-K\\i, (010) plate 
100 fj, thick. 


Table 6. KNC),~I i.r. band frequencies 


l4(fC‘ 

Polarization 

Assignment 

716 

1( 


812 

Ik 


835 

Ik 


%5 

ic 

i'l- 82, 1^2 + 82 

1055 

If 


1137 

if 

Vi A- til 


are two combination absorption regions near 
1 137 and 965 cm'' in the E 1 c polarization. 
The former is due to the sum combination of 
the + V,. type and the latter to the difference, 
f'l ~ Vi. type, with the lattice vibrations being 
translational (in the (001) plane) and libra- 


tional (around Cj axes) nitrate-ion movements 
in changing local force fields. 

No combination absorption bands were 
observed in E || c polarizations. 
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PREPARATION AND PROPERTIES OF FERRIMAGNETS 
IN THE RbMgFg-RbCoFg SYSTEM 
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Abstract- Previously reported ABFrlype ferrimagnets with the hexagonal BaTiO:, structure all 
contain as the predominant magnetic ion. This paper reports the discovery of new ferrimagnetic 
compositions in the RbMgFjrRbCoFg system where is the only magnetic ion. Phase studies on 
this system show that at high temperatures the hexagonal phase is stable to about 70% RbCoFi. 
Single crystals were grown over this compositional range and their magnetic and optical properties 
studied. Compositions containing in excess of about 35% RbCoFs arc ferrimagnetic and their mag- 
netic moments (as high as 24e.m.u./g) and Cune temperatures (up to 36°K) vary with Co-'^ con- 
centration. The magnetization data are consistent with a model of a femmagnelic spin arrange- 
ment, The B-B interaction, which is the resultant of the 90“ CV^-F-Co^^ and the direct 
interactions appears to be positive. Ani.sotropy mea.surements at 4-2®K yielded values from 2-2 x 10'* 
to 8-9 X 10"* ergs/cm’ for K. Optical absorption data were used to determine the magnitude of the 
crystal field parameter Dq (870-880 cm“‘) and the spin orbit interaction constant X (190cm *)■ 
From the Dq values it is concluded that the strength of the crystalline field acting on the ion 
in the hexagonal structure, where f of the CoF,, ociahedra share faces, is not too different from that 
in cubic KCoF,, and RbCoF,, where they share corners. 


INTRODUCTION 

The ABF.^-type ferrimagnetic fluorides with 
the hexagonal BaTiO.-, structure have recently 
received considerable attention as a result 
of their interesting magnetic and optical 
properties [1-6]. Previously reported fer- 
rimagnets with this structure all contained 
as the predominant B ion and either 
Rb^ TI^ or NH/ as the A ion[7]. For 
example, the RbNiF^ . TINiF^, and NFI^NiF;, 
compounds are hexagonal ferrimagnets, but 
when other divalent transition metals as Co, 
Fe, and Mn replace cubic or pseudo- 
cubic perovskites are formed which order 
antiferromagnelically at low temperatures* 
[ 8 ], This paper reports further on the dis- 
covery of new hexagonal ABF 3 ferrimagnetic 
compositions containing cobalt as the 
only magnetic ion [9]. These are found 


*The exception to this is RbFeF.-, which although cubic 
at room temperature, undergoes several phase transitions 
as the temperature is lowered. The magnetic order also 
changes from antiferromagnetic to some complex spin 
arrangement. 


in the RbMgi„ jCOjF., system where 
0-35 < jt< 0*68. 

The origins of the ferrimagnetism in the 
nickel-containing hexagonal compounds have 
been studied and can be understood with 
reference to its crystal structure and by com- 
parison with the cubic or pseudo-cubic anti- 
ferromagnetic perovskites [5,6]. In the ideal 
form of the cubic ABF-, perovskites, the 
large A ions have 12 fluoride neighbors and 
the B ions have 6 . Thus, the B ion and its 6 
fluoride neighbors can be considered a BF« 
octahedron, which is linked to neighbonng 
BFg octahedra by the sharing of corners 
throughout the structure. As a consequence 
of this configuration, each B ion has 6 nearest 
neighbor B ions separated by a fluoride ion 
and any resulting magnetic exchange interac- 
tions will be predominantly the 180° superex- 
change type, which are usually negative. In 
the hexagonal structure, two-thirds of the 
BFfi octahedra occur in pairs which share a 
face to form B 2 F 9 polyhedra (site 4/). The 
remaining one-third of the octahedra are 
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linked to the B2F9 groups by sharing corners 
(site 2a). Magnetically, the distinguishing 
feature between the cubic and hexagonal 
structures is that in the cubic case the pre- 
dominant exchange is the 180° B-F-B interac- 
tion, whereas in the hexagonal structure there 
is also a 90° B-F-B interaction plus the direct 
interaction, which may also be significant 
because of the relatively short B-B distance. 
It is believed that one or both of these latter 
interactions i.e. 90° or direct, are ferromag- 
netic [JOJ and, coupled with a negative AB 
interaction the resulting magnetic order is 
such that the spins of all ions occupying 
equivalent sites are parallel and those on 
inequivalent sites are antiparallel. This 
would yield an arrangement where one-third 
of the spins are antiparallel to the other two- 
thirds, which for pure RbNiFjj is consistent 
with the measured magnetic moment. 

Pure RbCoF:i is a pseudo-cubic perovskite; 
hence, it is an antiferromagnet and has a Neel 
temperature of 32°K [IIJ. The system 
RbNiF.^-RbCoF;j has been investigated [6] 
and the hexagonal solid solution extends to 
about 55% RbCoFjj- These compositions 
remain ferrimagnetic, but with a rather linear 
decrease in the Curie temperature from 138° 
to 9()°K. An objective of this work was to 
study the effect of the face sharing of CoF^ 
octahedra on the magnetic interactions of the 
ion by preparing a series of compositions 
with the hexagonal structure containing 
as the only magnetic ion. I’he system chosen 
for study was the RbMgF.^-RbCoF^ because 
of the strong similarity in the crystal chemistry 
of the and the ions, and the fact 
that we had previously shown that RbMgF;, 
could be prepared with the hexagonal 
structure [7]. 

EXPERIMENTAL 

Both polycrystalline and single crystal 
compositions were used in this investigation. 
The starting materials were HF treated C0F2 
and MgFg, and well crystallized RbF. The 
initial solid solutions of RbMg1_j.COj.F3 were 


prepared by solid state reactions in sealed 
platinum tubes and single crystals were grown 
in platinum crucibles by the Stockbarger 
method. Phase equilibria studies were 
carried by sealing the desired compositions 
in small platinum tubes, heating for a given 
amount of time (up to 380 hr in some cases), 
and then rapidly quenching. The phases 
formed were examined by X-rays and the 
petrographic microscope. Differential thermal 
analysis was also used, particularly in the 
determination of the liquidus temperatures. 
Magnetic moment measurements were made 
over the temperature range 4-2°-300°K and 
in fields up to 25,000 Oe. Curie temperatures 
were also obtained by an ac susceptibility 
method. The optical absorption data were 
taken on a Carey Model 14 at 300°, IT and 
10°K. The final compositions of the single 
crystals were determined by chemical 
analysis: the rubidium by precipitation with 
sodium tetraphenylboron, and the Mg and 
Co by atomic absorption spectroscopy. 

RESUI.TS AND DISCUSSION 

RbMgF^ 

Previous X-ray work on RbMgF^ indicated 
it to have a modification of the perovskite- 
type structure, but with monoclinic symmetry 
[12]. Our results on RbNiFjrRbMgFa 
solid solutions [6] prepared at high tempera- 
tures showed the hexagonal BaTiO^ structure 
to be stable over all composition ranges. For 
this to be true, it is necessary that RbMgF,., 
have the hexagonal structure at some tempera- 
ture. This was checked by preparing pure 
RbMgF;, by several different methods and 
investigating its structure after heating at 
various temperatures. These results showed 
that, when prepared by the solid state reaction 
of pure RbF and MgF^ below 500°C, a two- 
phase mixture consisting of a pseudo-cubic 
perovskite and a hexagonal phase is initially 
formed, and as the temperature or the reaction 
time is increased the cubic phase is slowly 
converted to hexagonal. Under no conditions 
could a pure cubic phase be formed by solid 
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stale reaction of the component fluorides. 
However, when RbMgF;j was precipitated 
at room temperature from methanol solutions 
of the RbF and MgBr 2 [13], digested at 
65°C, and then dried at 180°C, a rather poorly 
crystallized cubic phase (^o = 4*006 A), 
completely free of hexagonal, was formed. 
This did not convert to hexagonal at 400°C 
after 4 hr heating, but was completely con- 
verted at 400T after 100 hr. Thus, it appears 
the hexagonal BaTiO.., phase is the stable one 
for RbMgF;j at high temperatures. Because of 
the sluggishness of the transition from cubic 
to hexagonal, no definite transition tempera- 
ture was observed by differential thermal 
analysis. Since both the cubic and hexagonal 
phases are observed to coexist over a wide 
temperature range, it is concluded that cubic 
RbMgF;, is metastable in the intermediate 
temperature range, i.e. 200°-600°C. However, 
further work on the kinetics of this trans- 
formation, plus a phase study of the RbF- 
MgF.) system, are necessary to understand 
detailed relationships between the two 
phases. 

RbMgF;r RbCoF:i System 
A phase diagram for the RbMgFVRbCoFi 
system is shown in Fig. 1. Although some 


uncertainties still exist, as indicated by the 
dashed portion, this represents an effort to 
draw an equilibrium diagram which best fits 
both the quenching and the DTA data. The 
nonreproducibility of certain data is an 
obvious result of failure to achieve equilib- 
rium, especially at temperatures below 500T, 
and at higher temperatures in the composi- 
tional range 10-30 mol. % RbCoF.^. 

Several rather unusual features of this 
diagram are evident. First, the flat and ex- 
tremely narrow two-phase region separating 
the solid and liquid regions. RbMgFa and 
RbCoF:j with melting points of 868'^::r;5 and 
882‘'±5 respectively, have their eutectic at 
866°±5T at about W/r RbCoF,. The slight 
maximum (876T) on the liquidus (solidus) 
curve at about 45% RbCoF..} is associated 
with the melting of the hexagonal solid 
solution. There is experimental evidence, 
mainly from the DTA results, to indicate 
that the liquidus and solidus curves were not 
separated by any more than about 2°“3T. 
which is the experimental error in determining 
the melting temperatures from the DTA 
curves. This so-called ‘nonexistent’ two- 
phase region has previously been observed in 
other halide systems [14, 1 5 J. 

The hexagonal phase region is shown to 
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Fig. 1. Phase diagram for the RbMgF^i-RbCoFt system 
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extend to about 68% RbCoFs and is stable 
only at high temperatures, i,e, greater than 
about 750°C. An exact characterization of the 
phase in the area enclosed by the dashed 
‘dome’ between about 5 and 25% RbCoF;i 
was not undertaken because of nonreproduci- 
bility. Also, the question whether this 
‘multiphase' region intersects the solidus 
curve at about 10-15% has not been 
firmly answered. If there is no intersection, 
then just one continuous solid section region, 
extending from pure RbMgF;, to about 68% 
RbCoF;,, will exist. On the other hand, two 
distinct hexagonal phases would be present if 
the ‘dome' does intersect the solidus. The 
fact that hexagonal single crystals of the 
composition in question, i.e. 10-20% RbCoFu, 
have been grown from the melt is evidence 
for a continuous solid solution region. How- 
ever, we were unable to prepare single phase 
polycrystalline hexagonal materials of the 
same compositions by solid state reactions 
at temperatures just a few degrees below the 
solidus. This may suggest that the presence 
of a liquid phase is essential for the equili- 
brium formation of the hexagonal phase in 
this region. The lattice parameters of the 
hexagonal phase as a function of cobalt 
concentration are shown in Fig. 2 and a 


rather linear increase with no major dis- 
continuities is observed. 

The phase transition in pure RbMgFg, 
shown in Fig. 1 at about 30(r, indicates its 
polymorphism and, because of its sluggish- 
ness, should not be associated with a true 
equilibrium transition temperature. As 
expected, there is extensive solid solution of 
the cubic phase, particularly for the high 
RbCoF;, concentrations. 

Magnetic properties 

The magnetic data for the hexagonal phase 
with high concentrations are shown in 
Figs. 3 and 4. Compositions containing in 
excess of about 35% RbCoFg are ferrimagnets 
as evidenced by the typical M-H curves taken 
on single crystals. A curve for an jc = 0-65 
composition is shown in Fig. 4. It is seen that 
the easy axis of magnetization is parallel to 
the c axis of the crystal. This is consistent 
with previous work [4J where sub- 

stitutions in this hexagonal structure yielded 
positive anisotropy constants K^. The satura- 
tion moments for various compositions are 
shown in the lower portion of Fig. 3 and the 
expected linear increase with is evident. 
Saturation moments as high as 22e.m.u./g 
have been measured on a RbMg„.;, 2 Coo.«rtF;, 



Fig. 2. Lattice parameter vs. composition for the hexagonal solid 
solutions in the RbMgFr RhCoFu system. 
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Fig. 3. (a) Magnetic moment vs. composition and (b) 
Curie temperature vs. composition for hexagonal solid 
solutions 


composition, the limit of the hexagonal 
solid solution range. 

The dashed curve in Fig. 3a represents 
the calculated moments based on the follow- 


ing three assumptions: (1) there is a random 
distribution of the and ions on both 
the la and 4/ sites, it being understood that 
there are twice as many 4/ as la sites avail- 
able, (2) one-third of the Co^^ moments 
(on the 2a sites) are aligned antiparallel to the 
other two-thirds (on the 4/ sites), and (3) the 
moment of the Co^^ in the ordered slate is 
3 6;ip/atom. Obviously a magnetic structure 
determination by neutrons would be neces- 
sary to completely verify these assumptions, 
but a good case can be made to justify them 
from existing data. First, with respect to 
assumption [1], from ionic size and other 
crystal chemical considerations, Co*^ and 
are quite similar and would be expected 
to have no great differences in site preferences. 
Also, previous substitution studies in 
RbNiFj [6] showed that for higher concen- 
tration (> ~ 25 per cent) both and 
Co^"^ replace rather randomly, further 
indicating an equal preference for both sites. 
Finally, there is a regular increase in the 
lattice parameter with increased Co^"^ con- 
centration and no evidence of a discontinuity 
which might be observable should atomic 



single crystal. 
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ordering occur. Assumption (2), i.e. that the 
Co^"^ spins are aligned in a Hi antiparallel 
arrangement, is based only on the fact that 
pure RbNiF.., has this arrangement and, as the 
Ni''^'^ is replaced by in single crystals, a 
moment increase consistent with the higher 
moment of the Co^ ion is observed. Of course 
this implies that the ordered moment of Co^"^ 
is known and indeed higher than that of Ni^^ 
(assumption (3)). One has difficulty in deter- 
mining the exact moment of Co^^ from the 
high temperature paramagnetic susceptibility 
because of uncertainties in the population of 
the energy levels comparable to kT. EPR 
measurements on dilute cobalt in RbMgF.., 
at low temperatures were used to determine 
an average ^ value of 4-4. From magnetic 
susceptibility, also on dilute samples, in the 
temperature range l•3°'4■2°K where Curie- 
Weiss behavior was observed, was 
determined to be 4;x/,. Providing J = L this 
value is consistent with a = 4*6 (comparable 
to the EPR result). For higher concentrations, 
i.e. A' = 0*13 fjivf!, decreases to 3 * 6 . 1'his 
is apparently caused by exchange field in- 
duced mixing between J = i and J = l At 
siij] higher concentrations, a > 0-4 we 
use the value 3*6 /a;//Co^^ = 

which is in good agreement with the moments 
observed for in similar matrices, i.e. 
KCoF,1161,andCoFeAll71. 

A final argument in favor of the validity of 
the three assumptions is that they are, in total, 
the most plausible essential conditions that 
explain the experimental results. In other 
words, they are necessary to select the 
simplest model to explain the observed mag- 
netic properties in the RbMg,_^Co^F;i system. 
Obviously, other models implying more com- 
plex spin arrangements, site preferences, 
quenched moments, etc., can be proposed 
that also fit the experimental data, but we 
feel that such models, in addition to being 
more complex than necessary, would also 
be no more plausible. 

The above model would yield a value of 
about 34e.m.u./g for the magnetization of 


pure RbCoF,, if it were possible to prepare 
it with the hexagonal structure. The upper 
part of Fig. 3 shows the Curie temperature 
behavior of these materials. A linear increase 
is observed with the highest value being at 
36°K for a RbCO(,.fiHMg(,.;i 2 F 3 composition. 
The extrapolated Curie temperature for 
‘hexagonal RbCoFg’ is about 62°K, which is 
in good agreement with the extrapolated 
value obtained from the RbNi,_^COj.F 3 
system (shown in inset). Thus, from the 
moment and Curie temperature data we 
speculate that ‘hexagonal RbCoF;,\ would be 
a colinear H ferrimagnet with an expected 
moment of about 33-35 e.m.u./g and a Curie 
temperature of 62°-64"’K. These data further 
indicate that the magnitudes of the exchange 
interactions of the Co^^ in this structure are 
about half of those for NF^ but of the same 
sign. 

In a previous paper on RbNiF:, [6] we 
analyzed the high temperature susceptibility 
using the Neel theory to obtain the magni- 
tude of the exchange interactions. A similar 
analysis was less successful in this system 
(RbMgj_rCOj.F.,) because the splitting of the 
unquenched orbital contribution comparable 
to kT, which at high temperatures results in 
wide departures from Curie’s Law. A more 
detailed study of the temperature dependence 
(of the orbital contributions) is required before 
we can give meaningful values for the three 
principal exchange interactions (A A, AB 
and BB). Indications are that the AA and 
AB are negative while the BB is positive. 
Thus the 90° Co^'^-F-Co^'^ interaction is 
ferromagnetic while the 180° Co^'^-F-Co^^ 
is antiferromagnelic, The direct Co-’^-Co^* 
interaction, through the common face of the 
shared oclahedra, is apparently weak and 
ferromagnetic. 

A nisotropy 

The crystalline anisotropies of four com- 
positions in the RblVIg,_jCoj.F 3 system were 
obtained from magnetization measurements 
on single crystals. For a = 0-41, 0*55, 0-60, 
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and 0-65, the c-axis is the easy direction of 
magnetization and is also the spin direction 
of the Co^^ ion. 

In the hard direction, perpendicular to the 
c-axis, the anisotropy can be determined from 
the relation 


n 

M 


Mr 


where Af, is the saturation magnetization at 
the temperature of measurement. We find, 
however, the dependence of M on // is linear 
in fields up to 25 kOe, the maximum used, 
and consequently the coefficient of which 
gives K 2 cannot be determined. Ki is simply 

given as 2 

An example of the measurement from 
which Ki is obtained is shown in the H i to 
C curve in Fig. 4 and values of Ki are listed 
in the following table. 


The values for ‘hexagonaP RbCoFa, 
U = 1 and 1) arc linear extrapolations 
from the highest cobalt concentrations that 
were available. Such a procedure is essenti- 
ally based on the one-ion mode), where, given 
the contributions to the anisotropy of each 
individual ion, the anisotropy constants for 
the crystal are found simply as the sum over 
the ions contained in the crystal. In using the 
RbNii-i^Co^Fa data it was necessary to 
subtract out the contribution to Ki and 
from the Ni-"* as obtained from pure RbNiFs- 
It is seen that there is good agreement in the 
extrapolated values for jc = 1 and y = 1 for 
the two systems. However, the values of Ki 
do not plot linearly with either x or y and it is 
possible that the values for x = 1 or y = 1 can 
be considerably higher than as given in the 
table. Details of the anisotropy in these 
hexagonal systems will be discussed in a 
subsequent paper. 


RbMgi-^CojFs 



K,(ergs/cm '0 

0-41 

2-2X j0« 

0-55 

40 

0-6() 

4.9 

0-65 


1-00 

^13-5 

*100 

>126 


*From [6] based on RbNi,_,;CoyK 3 . 


Optical properties 

The optical absorption in the 4000-20,000 
cm'' region for samples with various Co^^ 
concentrations has been measured at 29R°, 
IT and 10°K. A typical spectrum at T 298° 
and 10°K is shown in Fig. 5. Only the three 
strongest transitions, i.e. 

^7,, are observed at room temperature and 
these are very similar in oscillator strength 



Fig. 5. Optical absorpdon curves for two compositions in 
the system RbMgi-^COxFj. 
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and position to those previously reported 
for cubic RbCoFs [19]. The spectrum taken 
at 10®K is somewhat sharper and the 
+ and the ^7, transitions are 
resolved. These have also been observed in 
pure RbCoFs at IT by Pisarev and Prok- 
horova [20] who showed by studying Na, K, 
and Rb cobalt trifluorides that a slight shift 
of the Co^'^ levels to high energy takes place 
with decreasing Co-F bond distance. Our 
results are consistent with this since at low 
temperatures the crystal field splitting is 
expected to increase as a result of the smaller 
cell. Further, in Table 1 it is seen that a small 
systematic decrease of the transition maxima 
in the absorption spectra occurs as the Co'^^ 
concentration is increased in the hexagonal 
structure. This can also be explained on the 
basis of larger Co~F distances since the cell 
size increases as the cobalt concentration 
increases (Fig. 2). Also shown in Table I 
are Pizarev's and Prokhorova’s [20] data for 
cubic RbCoF,^ and KCoF;^ where the Co-F 
distances are 2-06 and 2 03 A, respectively. 
The fact that for all concentrations, the 
transitions of the ion in the hexagonal 
structure fall between those of RbCoF;^ and 
KCoF;j indicates that the average Co-F 
distances in the hexagonal structures should 
be close to 2 ()4-2*05A. This is slightly in- 
consistent with the distances calculated from 
the cell dimensions. These were slightly 
larger and varied from 2 05-2 08 A. However, 
because of distortions within the octahedra, 


particularly in the case of the hexagonal 
material, a complete structure analysis is 
necessary to obtain the exact distances. In 
the case of CsMnFs, which also has the 
hexagonal BaTiO,, structure, a structure 
determination by Zalkin et uL [21] showed 
that there is surprisingly little variation in 
the Mn-F distances even through the Mn^^ 
occupies two nonequivalent sites, i.e. la and 
4/ In view of this, it is probable that the Co-F 
distances of the CoFg octahedra are relatively 
constant regardless of whether the octahedra 
share faces as they do in the hexagonal 
structure, or just corners as is the case in the 
cubic perovskites RbCoF^ and KCoFg. 
Since the strength of the crystalline field 
acting on the Co-^ ion by the 6 fluorides is not 
appreciably different in the cubic and hexa- 
gonal structures (other than the effect caused 
by the Co-F distance variations) it may be 
assumed that the local symmetry of the Co-"^ 
ion is not too different in the two structures, 
i.e. probably close to 0/,. 

The magnitude of the crystal field parameter 
(Dci) is shown in Table 1 and also reflects the 
uniform shift to higher crystalline fields with 
decreasing Co-F bond lengths. The Dq values 
were obtained from the near infrared 

transition, which was previously shown 
[19,22] to have an energy separation of 
roughly 8 Dq in other materials where Co^^ 
is in a similar environment, i.e. octahedrally 
coordinated by 6 fluorides. 

The well-known absorption band around 


Table I. Positions of maxima for transitions and Dq 
values for a series of hexagonal compositions 


Compound 

cm ’ 

^7 , - U, 
cm"' 

cm'' 

Dc, 

cm'' 

RbCoF^ {(.ubio 

6750 

13,460 

18,780 

844 

RbCou.^,5Mg^)._.,5F 3 


1.3,950 

18,800 

870 

RbCo« a 

6960 

14,100 

18,850 

872 

RbCO|) sftMgi) 7()F3 


14,250 

18,870 

878 

R bC Oo-os M g,). #3 F.-} 

7040 

14,250 

18,900 

880 

KCoF ')t(cut>ic) 

72i0 

14,500 

18,970 

904 


*Datafrom[18]. 
tData from [23]. 
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18,850 cm"* corresponding to the 

(P) transition was used to determine the 
extent of the spin-orbit interaction. For 
rather dilute samples, such as RbCoo.(, 2 Mgo. 9 H 
Fg and RbCOo.(, 5 Mgo. 95 F 3 , a definite splitting of 
the ^Tx band is observed at IT and 10°K (Fig. 
5). But at room temperatures, or in samples 
with high cobalt concentrations, we could not 
detect any splitting. A total splitting, 6X, (X = 
spin-orbit interaction constant) of -1 1 50 cm"* 
was obtained and is consistent with previously 
reported values for compounds containing 
CoFe octahedra [23,24]. It is unlikely this 
will change significantly as the Co^^ concen- 
tration is increased because at 10°K, the 
half- width of the ^Tx band for a concentrated 
sample (RbCooesMgo.gsF.i) was only about 
200-300 cm"* greater than for the diluted 
ones. Should this increased broadening be 
entirely the result of spin-orbit effects, a 
6X value of -1300-1 350 cm"* is obtained. 
However, since this concentrated sample is 
magnetically ordered at this temperature, it is 
possible the increased width is at least partly 
due to the increase in the noncubicity of the 
crystal field. 

The sharp band at about 21,000 cm"* 
splits to a well resolved doublet at low tem- 
peratures, presumably due to spin-orbit 
effects. The possibility that this is not splitting 
and only single ‘‘^7, absorption bands from 
each of the two sites {la and 4/) also exists. 
Because of the usual difficulties of resolving 
the spin-orbit splitting of solid complexes 
by optical absorption, and the fact that it is 
relatively weak (compared with the *7,), it 
is not surprising that no splitting of the 
band was observed. 
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CORRELATION BETWEEN BOND ENERGIES AND 
FORBIDDEN GAPS OF INORGANIC BINARY 
COMPOUNDS 

ASHOK K. VIJH 

Sprague Electric Company North Adams, Mass. 01 247, U S.A, 

[Reiciveti 16 January 1969; in revised form 25 February' 1969) 

Abstract- It has been shown that Manca’s cmpmcal relation between bond energies and band gaps 
is approximately valid for a wide variety of binary semiconductors and insulators. This relationship 
has also been theoretically derived for the case of ionic compounds, e.g. alkali halides. The procedure 
of derivation involves application of the Madelung approach and the Born- Haber cycle. The possible 
theoretical significance of our previous empirical correlation between band gaps and heats of forma- 


tion per equivalent has also been indicated. 

INTRODUCTION 

In the chemical approaches to the approxi- 
mate prediction of band gaps of semiconduc- 
tors, correlations have been proposed 
between band gaps and various other quan- 
tities, e.g. single bond energies [1], heats of 
formation per mole [2], heats of formation 
per equivalent[3], atomic numbers[4J, 
electronegativities [5] etc. Some of these 
approaches, especially those seeking relation- 
ships between binding and band gaps have 
also been presented in the form of reviews, 
either detailed [6] or synoptic [ 1 J. 

In the present paper, only one aspect of 
these approaches will, however, be examined. 
Following the original suggestion of Manca 
[ 1 1 that single bond energies of certain 
restricted classes of compounds are related 
to their band gaps, an attempt has been made 
here to explore a similar relationship for a 
large variety of semiconductors and in- 
sulators. An analysis has also been attempted 
of the possible theoretical origin of the 
empirical relationship of Manca[l J, according 
to which: 

E,=-ci{Es-b) ( 1 ) 

where E^ is the band gap; Es is the single 
bond energy; a and b are constants with the 


value of a approximately equal to 2 for the 
compounds investigated by Manca. 

DEFINITIONS AND RELATED CONSIDERATIONS 
(A) Bond ener^des 

For the calculation of bond energies, two 
procedures are available and are as follows: 

(1) Pauling's Method. Here, bond energy of 
an isolated diatomic molecule formed between 
uni-univalent atoms, e.g. NaCI, is estimated 
by the empirical equation: 

/)(Na-CI) = H/)(Na-Na)-fD(CI-CI)} 

+ (2) 

where D(Na-Cl) is the required bond energy 
between Na and Cl in NaCI; /)(Na-Na) is 
the bond energy between two Na atoms; 
/)(C1-CI) is the bond energy between two 
chlorine atoms; Xsa and A'n are the electro- 
negativities of Na and Cl respectively on the 
Pauling Scale. The procedure of Pauling gives 
fairly accurate estimates of bond energy 
between two uni-univalent atoms held to- 
gether by a single bond, e.g. NaCI. However, 
when more than one bond is involved, e.g. in 
NH;,, Pauling's procedure would not give a 
good est imate of the average N -H bond energy , 
but, instead would only yield a value for the 
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last dissociation energy, i.e, a N-H bond 
when one H is present on N. When applied to 
cases involving either divalent or multivalent 
atoms, e,g. AIN, ZnS, Al^Og etc,, Pauling’s 
procedure yields the estimate of energy of the 
last bond in the molecule after all other 
bonds have been removed. Such a quantity, 
however, would not be very representative 
of the general magnitude of binding in a 
complex molecule, which must be represented 
by an average bond energy. The average 
bond energy thus obtained, it is believed, is 
more relevant to the discussion of relation 
between binding and band gaps in inorganic 
compounds. This bond energy is calculated 
from the appropriate thermochemical data. 

(2) Thermovhemkal prodecure. Here the 
bond energy of, e.g. NaCl would be obtained 
from the equation: 

D(Na-CI) = + A/// (3) 

where /^(Na-CI) is the required bond energy; 
A/f s is the heal of sublimation of Na metal 
per mole\ A/Z^tss is the heat of dissociation 
of Cl^ molecule into Cl atoms, again, per mole; 
A///’ is the heat of formation of NaCl in its 
standard state, again per mole. The quantity 
given by equation (3) (i.e. bond energy) is 
nothing but heat of atomization of NaCl. 

For the case of NaCl, only one shared elec- 
tron pair is involved in the bonding. For the 
case of complex compounds, e.g. TaaO^, more 
than one bond (i.e. shared electron pair) is 
involved and hence a suitable normalizing 
factor must be used to obtain from equation 
(3), the bond energy per bond and not the 
total energy for all the bonds in TagOs. This 
may be carried out by calculating first from 
equation (3) the heat of atomization per mole 
and then normalizing it with respect to the 
participating valences to obtain heat of atom- 
ization per equivalent, which is, of course, 
the bond energy. For example, heat of atom- 
ization per equivalent (i.e. the bond energy) 
for Ta 205 is 1/10 of the heat of atomization 
per mole as calculated from equation (3). 


Further details on these and related matters 
are available elsewhere [7,8], 

The bond energies (i.e. heat of atomiza- 
tion per equivalent) thus obtained, after some 
second order corrections (e.g. spin correla- 
tion stabilization energies, coordinate valence) 
as discussed by Howald[8] are the actual 
values of the average bond energies as ob- 
tained from the experimental thermochemical 
data. The bond energies used by us (Fig. 1) 
have been calculated by this procedure. The 
accuracy of these bond energies is limited 
only by the accuracy of the thermodynamic 
data used in computing them. These data have 
been obtained from reliable compilations 
[8,9]. Second order corrections to the bond 
energies have been included only for spin 
correlation stabilization energies [8], The 
possible presence of coordinate valence has 
been neglected, however, since unambiguous 
estimates of the extent of participation of 
coordinate valence in compounds are not 
always easily obtained as discussed by 
Howald[8]. Since the main arguments to be 
presented in this paper are claimed to be 
strictly valid for alkali halides only, this 
neglect of coordinate valence in the calcula- 
tion of bond energies is not serious, because 
alkali halides do not involve any coordinate 
bonds. 

{B) Band fj(ips 

Some problems associated with the selec- 
tion of appropriate band gap values in Fig. I 
merit discussion. As mentioned earlier, since 
the arguments to be presented in the theor- 
etical part of this paper are claimed to be 
valid for alkali halides only, the problems 
involved in the selection of band gaps will 
be illustrated mainly with reference to the 
alkali halides. All the band gaps for alkali 
halides except for NaF have been obtained 
from [10]. The band gap value for NaF has 
been taken from [II]. These are optical 
band gaps. Further, these band gaps refer to 
k space at /: = 0. The values of band gaps of 
other compounds have been obtained from 



INORGANIC BINARY COMPOUNDS 


2001 



BOND ENERGY, eV 

Fig. 1. vs. bond energy for 52 binary semiconduclors and insulators; bond 
energies for CdSe, ZnT'e. InN. ZnSe, ZnS and AIN approximate and were estimated 
by Pauling’s equation {cf. Manca in [1]) since reliable thermodynamic data are not 
available for the calculation of bond energies. For the origin and assessment of the 
data used in this figure, see text. 


references[2, 10, 11] and are probably of 
varying degrees of accuracy. Since the rela- 
tion represented in Fig. 1 is, as intrinsically 
all such general relations are, rather approxi- 
mate, a slight uncertainty in the band gaps, 
Efj, quoted in Fig. 1 would not change the 
general relationship presented in Fig. 1. 
Precise definition and determination of band 
gaps involves some real dilficulties. For 
example, in large band gap semiconductors 
like alkali halides, experimental values 
quoted are strongly influenced by Coulomb 


effects, even though there is no great differ- 
ence between the direct and indirect gap since 
the bands are very narrow This arises 
because the optical absorption is determined 
rather by the exciton structure in front of the 
energy gap than by the energy gap itself 
[12]. Small band gap semiconductors involve 
a different problem in that there are significant 
differences between direct and indirect gaps 
since the bands are rather wide [12], The 
significance of values of band gaps quoted in 
Fig. 1 must be accepted only in relation to 
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difficulties mentioned in the foregoing dis- 
cussion. It is believed, however, that the 
aforementioned difficulties in the precise 
definition and determination of band gaps, 
would not render values of band gaps in 
Fig. 1 so uncertain as to make the relation- 
ship presented invalid. 

RELATIONSHIP BETWEEN BANDGAPS AND BOND 
ENERGIES 

In Fig. 1, bond energies calculated by the 
thermochemical procedure (see, however, 
caption to Fig. 1) have been plotted against 
the band gaps for a large number of inorganic 
binary semiconductors and insulators. 

It may be seen from Fig. 1 that Manca’s 
relation (i.e. equation (1)) is approximately 
obeyed by a wide variety of semiconductors 
and insulators. It may be noted that the 
relationship shown in Fig. I is rather a general 
one and includes compounds which cover 
the following spectrum of behavior: 

(i) A wide range of band gap values, i.e. 
0-5-12 eV. 

(ii) Semiconductors and insulators cover- 
ing a wide range of ionicity, i.e. from 
9 per cent ionicity to 93 per cent 
ionicity (CsF) on the basis of Pauling’s 
electronegativity criteria. Strictly, 
Pauling’s criteria are not applicable 
to solids; however, they constitute a 
convenient scale on which to express, 
albeit crudely, the range of ionicity 
covered here. 

(iii) A significant number of polyatomic 
(i.e. greater than even three atoms) 
binary compounds formed between 
polyvalent ions, it seems, also obey 
the relationship shown in Fig. I; e.g. 
AloOjj, TagO^, Ga.jO.}, In^O.-j, SboS^, 

(iv) Compounds belonging to most of the 
important crystal structures have been 
included in big. 1; these structures 
include NaCl, CsCI, wurzite, zinc 
blende, corundum, cuprite, and fluorite. 


Hence it may be concluded (Fig. 1) that the 
empirical relation first proposed by Manca 
for certain restricted classes of semicon- 
ductors may actually be applied in a rather 
general way. The general application of 
equation (1) would not be expected to be 
anything but approximate since several 
classes of semiconductors, otherwise un- 
related, have been included in Fig. 1. Hence, 
it is noted that the scatter in Fig. 1 is not 
entirely unexpected. 

Previously [1], no theoretical justification 
has been presented for equation (1 ) (or Fig. 1). 
Here, it will be shown that for the case of 
compounds which are predominantly ionic, 
e.g. alkali halides, the relationship may 
actually be derived theoretically. 

Theoretical derivation of the relationship 
between band ^aps and the bond energies for 
ionic compounds, e.^. alkali halides 

According to Mark [13], the band gap 
energy, F,,, of e.g, NaCI is given by (13): 

= (4) 

where M is the Madelung energy, is the 
ionization potential of Na; A^. is the electron 
affinity of CJ. From equation (4), 

= + (5) 

or 

t:,^2(U-R)~l,,A-A, ( 6 ) 

where U is the experimental (thermochemical) 
lattice energy and R is an energy term which 
includes repulsive and London components 
of theoretical lattice energy ( 1 4) so that, 

W = ((/-£) (7) 

is quite valid. 

From the first law of thermodynamics, it 
may be readily shown by means of a Born- 
Haber cycle that [14]: 

V (8) 
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where, is the heat of formation, e.g. of 
NaCI; AHg is the heat of sublimation of Na; 

is the ionization potential of Na; is 
the energy of dissociation of CI 2 (g) into atoms; 
Aj. is the electron affinity of Cl; U is the lattice 
energy of NaCI. 

AH the quantities defined above are per 
mole of the corresponding substance. 

On obvious rearrangement, equation (8) 
gives: 

- u = A/y, + /„, + + /f ^ (9) 

Here we note that, C, Aj. and A/// are exo- 
thermic quantities (hence with ~ sign) and 
A//,v, /,« and A//,j are endothermic quantities 
(hence with -f sign) for the case of alkali 
halides. Making these substitutions for exo- 
thermicity and endothermicity in equation (9), 
we obtain: 

U = + ( 10 ) 

Substituting equation (10) in equation (6) 

= 2 A//, + 2/,« + A//y, + 2 A//;« - 2/1 ^ 

(ID 

or 

E, = 2A//, + + ^Hn + 2 A/// ~A,~2R(\2) 

Here, we make an approximation that is 
roughly equivalent to A^r in magnitude, and 
then obtain: 

E, = 2 A/y, + 2Ayy/' + A/y^j - 2/? ( 1 3) 

or 

E, = 2(Ayy,~ye) (i4) 

where AH,, is the heat of atomization per mole, 
and, for a diatomic molecule formed between 
uni-univalent ions (e.g. NaCI) is equal to the 
heat of atomization per equivalent, which is 
the same thing as bond energyl7,8, 15, 16]. 

For a polyatomic compound formed be- 
tween either univalent or polyvalent ions, 
equation (14) has to be appropriately modi- 


fied. This is because equations (4) and (6) 
refer to the transfer of one valence electron, 
e.g. from Na to Cl; in order to maintain the 
validity of equation (11), U in equation (10) 
must also be taken as per valence electron, 
i.e. as per equivalent. As a consequence, 
the AHu term in equation (14) must be 
changed from A/y„/mole to AHjcq. for the 
case of polyatomic compound. As mentioned 
earlier, AHJtq., is, of course, the bond 
energy Eg, Hence, 

E„ = 2(E,-E) (15) 

For a given class of related compounds, 
e.g. alkali halides, R may approximately be 
treated as a constant. Hence, equation (13) 
may be written in the form: 

E, = 2(Eg-^) (16) 

where 'b' is a constant. This equation (16) is 
identical with Manca’s equation, i.e. equation 
(1) in this paper. 

The approximation involved in the deriva- 
tion of equation (13) will now be examined. If 
/„, is not roughly equivalent to Aj., then R 
in equation (13) may be transformed into 
R' where, 

R^ = R-\-\I„-iAs> (17) 

For a given class of structurally related 

compounds, R' may again be assumed as, 
rouji^hly, a constant. For example, for several 
alkali halides, E' would assume values close 
to 2'5±0’5eV. It is obvious, of course, that 
equation (17) may be suitably modified for 
classes of compounds involving positive 

electron affinities. 

Theoretical origin of our previous relation- 
ship between Ep and hear of formation per 
equivalent 

It has been previously shown [3] empiric- 
ally, that for a large variety of inorganic 
semiconducting compounds. 
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£^±20% = 2A////eq. (18) 

It is now possible to extend the theoretical 
analysis to this relation on the basis of argu- 
ments developed in the foregoing discussion. 
Rewriting equation (13) by substituting equa- 
tion (17) in it, we get, 

(19) 

In a large number of cases it is possible to 
show that, fortuitously, the quantities in the 
parentheses roughly cancel each other out. 
For example, for NaCI, the net value of the 
quantities in the parenthesis in equation (19) 
would be ca. 0*5 eV. If the values of the 
quantities in parentheses make only a small 
contribution to it follows that: 

£;;-2AW/\ (20) 

Like all quantities in such comparisons, 
AA// must be ‘normalized’, i.e. taken as per 
equivalent(3, 15, 16] which for a diatomic 
compound formed between uni-univalent 
ions is, of course, the same thing as per 
mole. 

Hence, 

-2A/V/eq. (21) 

It must be emphasized that A/// refers to 
the formation of a compound from its stand- 
ard, and not atomic state. 

Limiiaiions of the present analysis 

Even though the empirical relationship of 
Manca is found to be approximately valid 
for a large variety of binary compounds 
(Fig. 1), the possible theoretical origin of this 
correlation can be understood for the case of 
alkali halides only. At the present, theoretical 
foundations of equation ( 1 ), as applied to other 
classes of compounds, are not at all clear. 

For the case of some covalent compounds, 
e.g. those included in Fig. 1, it is possible 
that increase in cohesive energy due to homo- 
polar binding approximately cancels out the 


decrease in lattice energy that may result 
from partial ionicily[13] of the compound, 
in such cases, experimental lattice energy 
values, (/, would be very nearly equivalent 
to the (M + R) values that would have been 
obtained, had the compound been completely 
ionic. In fortuitous cases of this type, equa- 
tions (7) and (16) and the entire analysis pre- 
sented here would still be valid, despite 
significant covalent bonding. 

In other cases of covalent compounds, the 
analysis presented here would be invalid in 
its present form. In principle, however, the 
present analysis may be extended even to 
those compounds by modifying equation (16) 
to give: 

E,=^2{E,-h)±^U ( 22 ) 

where Ml is the difference between the 
ihermochemical and theoretical lattice 
energies (14) again taken as per equivalent. 

Finally, the present analysis would not be 
applicable at all to either the elemental semi- 
conductors (e.g. Ge, Si) or the molecular 
semiconductors, e.g. anthracene. 

It must be emphasized once again that it is 
just fortuitous that several covalent com- 
pounds obey the relationship shown in Fig. 1 , 
despite the fact that no correction for co- 
valence has been applied to them, 
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SURFACE BARRIERS ON LAYER SEMICONDUCTORS: 
GaS, GaSe, GaTe* 

STEPHEN KURTIN and C. A. MEAD 
California Institute of Technology, Pasadena, Calif, 91109, U S.A. 

{Rei eiveJ 1 1 February \ 969) 

Abstract “Surface barriers formed on the gallium-chalcogenide layer semiconductors GaS, GaSe 
and Gale arc studied by the pholoresponse technique. The observed behavior is qualitatively similar 
to that of non-layer compounds. 


INTRODUCTION 

Recent study [1] of metallic surface barriers 
on the layer compound GaSe revealed that 
at the crystal surface the Fermi level is 
partially stabilized by surface stales. A 
linear relationship with a slope, 5, of approx, 
0‘6 was found for the dependence of barrier 
energy on electronegativity of the metal 
employed. It is of fundamental importance 
to an understanding of the relationship 
between chemical bonding and metal-semi- 
conductor interface properties to determine 
whether this result is intrinsic to layer com- 
pounds, and hence a consequence of their 
unique spatial atomic configuration. We 
report here the results of barrier energy 
measurements on the isostructural layer 
compounds GaS[21 and GaTe[3]. These 
measurements indicate that there is no 
Fermi level stabilization in GaS (S ^ 1*0) 
and significant Fermi level stabilization 
in GaTe {S - () 3). Therefore, the unique 
spatial atomic configuration of layer com- 
pounds plays little or no role in Fermi 
level stabilization at the semiconductor 
surface. 

SAMPLE PREPARATION 

GaTe for this investigation was grown 
from a stoichiometric mixture of 99*9999 


*This work was supported in part by the Office 
of Naval Research and the Jet Propulsion Laboratory. 


per cent pure Ga and 99*9999 per cent 
pure Te by the modified Bridgman, gradient- 
freeze technique. The resulting boule was 
polycrystalline with several large single 
crystal regions. Samples were constructed 
by peeling flakes from one of these single 
crystal regions. Large area In-Ag solder 
contacts were affixed to one side of each 
flake. The flakes were then cleaved, in air, 
to expose a fresh (0001) surface. Surface 
barriers were formed by vacuum deposition, 
through a wire screen mesh, of semitrans- 
parent metallic dots. Measurements of 
capacitance as a function of voltage of such 
surface barriers fabricated on GaTe indicate 
that our material is p-type with p -- 3 x 10*V 
cml Samples of p-type GaS were prepared 
by similar techniques from bulk material 
kindly furnished by Strauss of Lincoln 
Laboratories. 

Metals used for surface barrier fabrication 
were, in all cases, evaporated from directly 
heated tungsten filaments. Care was taken to 
allow the evaporation source to thoroughly 
outgas before allowing metal to dept>sit on 
the semiconductor surface. 

PHOTORESPONSE MEASUREMENTS 

Barrier energies of GaS and GaTe surface 
barrier structures were measured primarily 
by the photoresponse technique. Samples 
were illuminated with a 50 Hz chopped 
light system and photocurrent detected 
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with a lock-in amplifier. The light source 
employed was an iodine-quartz lamp in 
conjunction with a quartz prism monochrom- 
ator. Intensity calibration was performed 
with a Santa Barbara Research Center 
evaporated thermopile. 

The dependence of photocurrent on 
photon energy was generally found to follow 
a square law as expected from the simple 
theory of photoemission from metals. 

T ypical curves of the square root of photo- 
response per incident photon vs. photon 
energy, for sSeveral metals on both GaS 
and GaTe, appear in Fig. 1, Intercepts 
on the hu axis correspond to the semi- 
conductor-metal barrier energy measured 
from the semiconductor valence band to 
the Fermi level of the metal. 

From photoresponse data as in Fig. 1 
it is possible to plot, for each semiconduc- 
tor material, barrier energy vs. electro- 
negativity of the different metals. Such plots, 
including data on GaSe from(lJ, appear 
as Fig. 2. 

Although the data of Fig. 1 were obtained 
on air cleaved surfaces, essentially identical 



Fig. 1. Typical plots of pholoresponse per mcident 
photon vs, photon energy for several metals on both 
GaS and GaTe. 



Fig. 2. Barrier energy vs, electronegativity of metal 
for GaS, GaSe, and GaTe. Values are best averages 
of several samples. Slope of the reference lines are 
5 » i-O for GaS, S = 0*6 for GaSe, and 5 0 3 for 

GaTe. 
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results were obtained on vacuum cleaved 
surfaces for the case of gold barriers on GaSe. 
The vacuum cleaved data are shown in Fig. 2 
of[4]. On many other compound semi- 
conductors, barriers formed from active 
metals have been found to be less affected 
by the presence of an adsorbed layer than 
barriers formed from more noble metals 
such as gold. Thus we believe the data shown 
here represent, within the scatter, the prop- 
erties of the gallium-'chalcogenide metal 
interface. 

CONCLUSION 

We note that the compounds of the gallium- 
chalcogenide system display Fermi level 
stabilization ranging from nonexistant 
in the case of GaS, to virtually complete 
in the case of GaTe. As a result, the behavior 
of GaSe may be regarded as the consequence 
of a smooth transition from the properties 
of GaS to those of GaTe, similar to that 
observed on the CdS-Se system [5]. Since the 
Fermi level stabilization behavior of GaS and 


GaTe is similar to that observed for non-layer 
compounds [6], we believe that Fermi level 
stabilization, and hence surface state density, 
is more closely allied to the chemical prop- 
erties of the constituents of a given com- 
pound than to the spatial atomic config- 
uration of the compound. 
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Reume— Nous etudions, par diffusion el diffraction des rayons-X, des echantillons dcsordonncs 
de FelJOii. I /ensemble des paramelres d ordre a courle distance obienus mdiquc une similitude enire 
!es structures d^sordonnee et antiphase ces deux phases etant diff^renles de la phase ordonnee 
Gr Ceci nous permet d’expliquer Ic mecanisme des transformations. 

Nous montrons aussi, par etude des reflexions de Bragg el par le fond continu. i'existence de 
deplacemenls locaux de tous !es ions, ct, en particulicr, des anions qui se rapprochenl des ions 
Ires charges, 

Mcme en introduisant I’ordre a courte distance et les deplacemenls, la difference d’energie electro- 
statique entre les phases desordonnee et ordonnee C?h c’aiculee en negligeant les deformations des 
ions, reste de Tordre de 40 KTr{Tc= temperature de transition == 1000°K). Pourexpliquer Texistence 
d’une transition ordre 'd6sordre, il semble que I’on soil oblige d’miroduire la polarisation des ions 
oxygenc; nous montrons que cet effet favorise plus la phase desordonnee que la phase ordonnee. 

Abstract -We have studied, by diffusion and diffraction of X-rays, disordered samples of FeLiOj. 
The short range order parameters obtained show similarity between the disordered and antiphase 
()ii structures, these two phases being diffeient from the ordered phase 0,. We can explain thus the 
mechanism of the transformations, We showalso, by studying the Bragg reflexions and the background, 
the existence of local displacements of all the ions, and in particular the anions which come close to 
the strongly positive Fc^^ ions. 

Even with the introduction of the short-range order and the displacements, the difference in electro- 
static energy between the disordered and the ordered Q, phases, calculated disregarding the deforma- 
tion of (be ions, js of the order of 40 KTc Hr being (he transition temperature - 100()®K) To explain 
the existence of an order-disorder transition, it seems that one must introduce a pola^^atlon of the 
oxygen-ions. We show that this effect favours the disordered phase more than the ordered phase. 


INTRODUCTION 

Le ferrite de lithium FeLiOa existe sous 
trois formes differentes. Une phase ordonnee 
01 (ou Y)flj (Fig. 1). Une phase ordonnee 
(?„ (ou /3) dont nous avons precedemment 
determine la structure [2]. Un plan (00 1) 
de Qn (Fig. 2) s'obtient a partir d'un plan 
(0 0 1) de Qi en intervertissant les atomes 
Fe^'^ et Li"^ dans des domaines plans anti- 
phases limites par des droiles paralleles a 
(110) et de largeur aVl, e’est-a-dire les 

*Ce travail fait partie d'une these de Doctoral es 
Sciences Physiques, qui sera soutenue prochainement 

par M. Brunei, et enregistr^e au Centre de Documentation 
duC.N.R.S.,sous le no. A.0.2719. 


domaines (R S) (T U). I/ordre selon c esl 
toujours Fe-Li-Fe. A cause de la dissymelrie 
introduite dans ce plan, les plans (00 1) 
immediatement adjacenis peuvenl etre 
places de deux fa^ons differentes (domaines 
paralleles ou perpendiculaires) entramant 
deux structures possibles: quadratique ou 
monoclinique. Une phase desordonnee a 
de type NaCl: les ions Fe**^ et Li^ sc repar- 
tissent au hasard sur les sites d'un reseau 
cubique faces centrees. 

Nous avions determine les parametres 
d’ordre a courte distance dans le spinelle 
FejLiOJS] et montre que le parametre 
d ordre des premiers voisins conserve dans 
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I’etat desordonne la valeur - 1/3 qu’il a dans 
Tetat ordonne. La disposition geometrique 
des sites octa^driques des spinelles, occupes 
par les ions et Li^, permet de desordonner 
le crislaK c’est-a-dire d’obtenir une entropie 
non nulle, en conservant I’ordre des premiers 
voisins [4] ; ceci entraine une variation d’energie 
faible k la transition et permet d*expliquer 
une temperature de transition experimentale 
beaucoup plus faible (de I’ordre de 50 
fois) que celle obtenue a partir des variations 
d'energie entre elat ordonne et elat totalemenl 
desordonne. Or, dans FeLiOa, rarrangement 
cubique faces centrces des ions et Li^ 
ne permet plus ce type de desordre et pourlant 
les temperatures de transition ordre-desordre 
des deux ferrites de lithium sontpeudifferentes, 
C est pourquoi nous nous sommes interesses 
a Tordre a courle distance dans FeLi 02 - 

DEPI.ACEMENTS LOCAIJX UES IONS 
Dans la structure Qi quadratique (groupe 
d'espace D\l) (Fig. 1), les ions oxygene sont 
places en 0i)z avec r- 1/4. En realite, z 
est different de 0,25 et Cox e( al.[5] 
determinent un parametre z = 0,23, soit un 
rapprochement de 0,17 A des distances 
Fer-oxygene selon c. L’ion Fe*’'^ est ainsi 
entoure d’un octaedre regulier d’oxygenes 



Fig. I. Structure de la phase Q\ (ou y). 



.jjOXOX XOXOXOKOX 
f X 

lol Pan (00110, (b) PkinlOOIl 

Fig. 2. Construction d’un plan (001) de Q,j a partir d’un 
plan (001) de 0,. Seals les cations Fe^^ et Li+ sont 
represent^s. 

(alors que I’environnement d’un lithium est 
tres deforme), avec des distances fer-oxygene 
ega!esa2,02 A. 

On peut supposer de meme que, dans la 
structure desordonnee «, les ions oxygene 
se deplacent de ieur position ideale pour se 
rapprocher des Fe^"^ tres charges, car la 
distance moyenne cation-oxygene dans ot 
est de 2,075 A. Les ions Fe’*'^ etant repartis 
au hasard sur un site, ce deplacement des 
anions sera done non periodique et local. 

L’intensite totale de diffraction et diffusion 
d’un cristal est donnee par: 

/= S/i/jexp/Mn-r^) 

ti 

fi et/j etant les facteurs de diffusion atomique 
des alomes / et j places en r,- et Tj. 

Si r, = Rt+Sr# et rj=Rj-f-5rj, R, et Rj 
etant les positions ideales et 6r, et !es 
deplacements, on a, en supposanl Sr,- et 8rj 
petits devant R, et Rj: 

I = S fifi exp mi - RjK I + iMSv, - 60 

ij 

+ (k . 6rj)2 - 2(k . 6r0(k . 80)). 

Dans notre cas, une partie des atomes est 
repartie au hasard sur un site dans un d6- 
sordre binaire. 

Le premier terme introduit les raies de 
diffraction de Bragg et une diffusion reliee 
a I’ordre a courte distance, et, pour les suivants: 
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(a) le terme d’ordre 1 entraine une diffusion 
(effet de taille dans les alliages)[7], (b) les 
termes (k.Sr)^ se traduisent, dans les raies 
de diffraction, par une r6duction en exp 
~ (Bi sirv^Olk^) du faclcur de diffusion atomique 
de Tatome analogue k un effet thermique; soit 
Bis ce facteur statique. (c) Ces memes termes 
entrainent une diffusion en: 

2 /A 1 “* exp - 2(5^ sin^elk'^)) 

I 


avoir elimine le terme (c) et son equivalent 
thermique, nous oblenons la diffusion totale 
/(a), Celle-ci, pour un volume contenant 
N/2 cations Li et N/2 cations Fe, est reliee 
a Tordre a courte distance et aux deplace- 
ments, dans le cas d’un diagramme de 
poudre, par la relation: 


f^(s) = 


4/{s) 


qui s’ajoute a la diffusion thermique. (d) Le 
terme (k . 8r,)(k . 6rj) entraine une modulation 
du fond continu (c) dependant des correla- 
tions entre les deplacements des atomes. Ce 
terme est difficile a evaluer et Borie[6] 
montre qu’il n’introduit des perturbations 
qu'au voisinage des raies de structure. Nous 
avons suppose que les deplacements des 
atomes etaient independants, meme pour des 
distances assez rapprochees, et neglige 
cette diffusion. 

Dans FeLiO^, tous les ions se deplacent et 
nous evaluerons successivement les variations 
moyennes = (Sr^ — 8rj) des distances 
T/j et pour chaque ion le terme Bi^ statique. 

Dans le terme (a) on retrouve: (1) Lorsque i 
et J decrivent les sites occupes par les ions 
Fe'^"^ et Li^. c’est-a-dire les liaisons Fe-Fe, 
Fe-Li et Li-Li, Teffet de taille habitue! aux 
alliages est remplace ici par un effet de charge, 
(cf. paragraphe Discussion). (2) Lorsque Rjj 
decrit les liaisons oxygene-oxygene, le terme 
(a) est nul car 1 quel <iue soit 

R,;. (3) Lorsque R,j decrit les liaisons fer- 
oxygene, le terme (a) est donne par: 

^Fcroxyitiiffusion) ^ JoKylve ' ^ 

ij 

X (k.5rijexp(ik.R,j) 


» sinl.vA',) » /; 


sin(37,) 

sr^ 


/o: 


- cos (.ST,) j - 2 


sinl^rj) 
srj 

ddns laquelle 


-C0S{jTj) 


( 1 ) 


sin d 

47T-— = |k{. 

K 


Les indices / correspondent, aux liaisons 
cation-cation et les indices j aux liaisons 
anion-cation, a/ est le parametre d’ordre a 
courte distance; a,— l-(P^i.,)/mB ou t 
est la probabilite de trouver un atome B 
a la distance r, d’un atome Aim^ et nig sont 
les concentrations): C, = nombre d'atomes 
dans la ieme couche; Bi — coefficient d'effet 
de charge; 

1.1 r moyen.j 
' rroyen.j 


et, par raison de symetrie, seule la projection 
de 8rfj sur R^j Intervient. (4) Les variations 
des distances oxy-lithium entrainent un terme 
analogue a (3) mais en (/oxy/mhium)- 
En ajoutant les termes (1), (3), (4), et la 
diffusion d’ordre k courte distance, et apres 


et comme: 


T)=-^ = 0 

J Ye 








4-a, IcFeKe.i =(1 + 0. 


rpoKc.r 

^ i.moyen 
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(les termes 3 et 4 se simplifient en ulilisant 

la relation eper~oxy “ ^u-oxy)* 

PARTIE EXPERIMENTALE 
Determination des coefficients Bis 

Nous avons vu que les termes du ordre 
agissaient sur les diffractions de Bragg, 
comme un effet thermique. Dans le cas d’un 
echantillon desordonne de FeLi 02 , le facteur 
de structure d'une raie h, k, /, est done: 

X exp 2/7r(/rr, + Ati + /z:,) 

avec /?,/— facteur thermique, 6,s = f'acleur 
statiquo de Tion /. Pour un echantillon 
ordonne: 

X exp ImihXi-^kyt^lzX 

Nous avons done affine a la meme tem- 
perature les structures ordonnee et 
desordonnee; ceci nous permet, en snpi)osunt 
que le facteur Bj^ ne varie pas pour le meme 
a tome i eat re les 2 types de structures, 
de determiner les facteurs B,s pour les ions 
fereloxygene. 

Pour Techantillon desordonne, les mesurcs 
ont ete effectuees a la radiation Ka du 
molybdene et avec un compteur a scintillation. 
Par centre, les raies de la structure quad- 
ratique Qi etant tres nombreuses el rappro- 
chees, nous n’avons pu utiliser que la radiation 
CoKa, ce qui entraine une precision bien 
plus faible sur les parametres 5,. 

Toutes les mesures de raies ont ete faites 
par diffraclometrie sur poudre, et a des 
vitesses de defilement Ires lentes (3()min/deg 

A - tSS^'C, nous avons obtenu: 

Structure dc\wrdonnee a.* 

B total (Fe'^) =0,33 ±0,03 

B total (oxygene) = 0,57 ± 0,075 


Le residu, S (/“/oJ'/S (/cai)' = 0,0014 
(facteur de veracite crivStallographique 3,8%) 
et les precisions donnees sont egales a± l,5cr 
(o' == ecart quadratique moyen). 

Structure ordonnee Qp 
Les facteurs Bit selon et ^ el Bit selon c 
sont differents. Cependant, le programme de 
calcul sur ordinateur ne permet pas de les 
dislinguer, aussi n’avons-nous utilise qu’une 
approximation isotrope. 

Le parametre de position de I'oxygene 
determine est: 

.-= 0,233±0,00l 
et les coefficients de temperature: 

BpeT = 0,23±0J2 
= 0,06 ±0,20 

avec un residu de 0,0014 (facteur de veracite 
3,9%), soit done, pour Toctaedre d'oxygene 
autour d'un Fe'^'^, 6 distances fer-oxygene 
egales a 2,03 A (les parametres de mailles 
a -185T sont: n = i^=4,047A r = 
8,716 A). Les termes B^s sont done de I’ordre 
de: 0,10 pour Fe'^'^, et 0,50 A-^ pour 0“". 

Determination des coefficients d' ordre a 
courte distance et des termes du \er ordre 
lies aux dcftlaceinents locaux 
(1) Conditions experimentales: Elies sont 
identiques a celles decriles pour FesLiOa 
[3J e'est-a-dire: etude sur echantillon en 
poudre, recuit a des temperatures superieures 
a 7(KFC et trempe a Teau. L.a diffusion des 
rayons-X (radiation du cobalt) est mesuree 
par diffraclometrie. Nous avons elimine: La 
diffusion par fair en pla^ant I’echantillon 
sous vide; la diffusion Compton aux angles 
superieurs a lifO en pla^ant un monochro- 
mateur regie sur CoKa entre echantillon 
et compteur, et reduit les diffusions thermiques 
en refroidissant Techantillon a Tazote liquide. 

Les diffusions thermiques ou pseudo- 
thermiques et Compton qui subsistent sont 
eliminees en utilisant la diffusion d’un 
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echantillon ordonn6, corrigees en fonction 
des variations de B mesurecs precedemment.* 

Le montage utilise ne nous permet pas de 
normaliser par la methode habituelle de 
mesure de la diffusion d’un corps amorphe. 
Aussi avons-nous determine les intensites 
en valeur absolue par la mesure de I’intensite 
des diffractions de Bragg d’un echantillon de 
fer en poudre {f et B bien connus [8]). 

Dans le cas d’une mesure en diffractometrie, 
on a les relations: 


P ~ R C 

* raie integr^e ^ K 


P\fl 

IJiV 


1 H- cos'2^cos^2a 
^ (1 + cos^2a) sin 20 sin/? 


dans lesquels: /„ est i’intensite du faisceau 
incident; fraie- intensite integree d’une raie 
sur un enregistremeni si 6 est la longueur de 
papier pour 1°0. /'fondconuni,: hauteur du fond 
continu, / est I’intensile absolue de diffusion 
pour un volume d’absorption F est le 
facteur de structure d’une raie, de multi- 
plicite ps calculee dans une maille de volume 
V et d’absorption ^ el en introduisant le 
facteur thermique, a: angle de Bragg du 
monochromateur. 

(2) Calculs et rlmltats. Par la methode des 
moindres carres, nous avons recherche la 
concordance entre: 

Fj(r)= r spis) K^{s)s\nsnls 

J .S'mln. 


^11 + cos^20 cos=^2a 

/"fondionllnu = • | + C0s22ff 

« = C\= 1.14 


*Les diffusions dues au terme du second ordre ne sont 
aux grands angles que de I’ordre du 1/4 de la diffusion 
totale. Par ailleurs, les erreurs dans i’evaluaiion de la 
diffusion Ihermique $e reirouvent pres de rorigme lors 
de la transformee de Fourier raJiale [7J, 


et 

i..smax. 

Jsmin 'P(‘')^2(v)sin.vrd.v 

[Kiis) et K^is) sont respectivement les formes 
experimentale et iheorique de Ma)) dans un 
domaine compris entre r = I A et r - 6, 8 A, 
incluant les distances r, = 2,94 A, r, = 4, 1 5 A, 
r,= 5.89A et 6.58 A, 



/•Nmax , , , 

FAr) = ie " * KAs) mh st dj 
J smlJi 

(echanlillon trempedepuis742T.rt = 0.1.^) 
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ainsi que = 2,075 A, Le domaine 

d’integration est pris entre 5min. = 0,6A-^ 
et 5max. = 5 A“*. La fonction de pondcration 
p(s} est choisic en e*"'*'"** (c/ = 0J5) pour 
diminuer Timportance des donnees aux 
grands angles, tres imprecises. 

Pour ne pas introduire trop de variables et 
par la des correlations, nous avons suppose 
que les parametres /J.^, ^4 et /Sr ainsi que les 
variations des distances fer-oxygene autres 
que premiers voisins, etaient nuls ou tres 
faibles. 

Les parametres obtenus sont reportes 
Tableau I. Dans laffinement (a) de Techan- 
tillon trempe depuis 742°C, nous avons 
suppose que le paramelre etait nul, 

c'est-a-dire que les anions restaient en position 
ideale: les variables introduites sont alors 
a,, a;,, q:^ et «r, ainsi que j3j et /Sa- Dans 

laffinement (b) pour les memes intensites 
experimentales, ainsi que pour Techantillon 
trempe depuis 857°C, nous avons introduit 
comme variable supplementaire le para* 
metre Cj-vr^xy 


variations de distance entrainws par les efFcls 
de charge sont soumises aux contraintes de 
la symetrie, il est done normal qu’il n'y ait 
pas concordance entre Jes valeurs de /Si el 
^2 dans la structure desordonnfe et dans 
L'oxygene est par contre, beaucoup plus 
libre (Tableau I). 

Les parametres de position atomique dans 
la structure ne sont connus que dans le 
cas ideal, aussi n’avons nous pu calculer 

^Fer-oxy 

DISCUSSION 

( 1 ) Existence des deplacements d'oxy^ene 
La diminution par un facteur 4 du residu 

Z F2(r)\‘^ 

entre les affinements (a) et (b) confirme 
Texistence de ces deplacements. Nous avons 
reporte Fig. 4 les courbes 
(Fi calcule d’apres les parametres du Tableau 


Tableau 1. Valeurs des parametres obtenues; dans le cas {a) le parametre 

est hloque la valeur 0 


Nature 





a-, 

/3i 

^^3 


Residu 

Trempe 742“ C (a) 

- 0.21 

-033 

0,01 

-0,05 

0,035 

0,035 

0.021 

0 

0,032 

(b) 

-0.16 

-0,23 

0,05 

-0,01 

0,06 

0,030 

0,013 

-0,016 

0.0087 

Trempe 8 57“ C 

-0.15 

-0,19 

0,07 

-0,01 

0,08 

0,025 

0.012 

-0,022 

0,010 

Ordonne (7, 

-0,33 

0,33 

0,33 

-0,33 

-0,33 

0,010 

-0,034 

-0,02 


Ordonne Q „ 

-0,17 

-0,33 

0,17 

0 

0,17 






La precision sur les differents parametres 
est difficile a evaluer car I’affinement est fait 
sur la transformee de Fourier radiaie, c est-a- 
dire sur des informations non indepen- 
dantes[9]. Cependant, en supposant qu’il 
n'y a pas d'erreur systematique, et en prenant 
comme nombre d’informations independantes 
le nombre de points mesures, on obtieni des 
erreurs de Tordre de ±0,02 sur ai, ±0,022 
sur /3iet± 0,002 sur 6. 

Les ions Fe^*^ et Li^ sont dans la structure 
Qi sur des positions sans parametre, et les 


!), et Fig. 5 les functions K(s) experimentale 
et K{s) theorique dans les cas (a) et (b)*. 

La distance moyenne d’un oxygene a ses 
premiers voisins Fer est egale a 2,075 + 
.Fer^oxy ^ ^1 ,Fer-oxy)» SOit 2,035 A. 11 faut 
souligner que cette valeur est peu differenie 
de celle trouvee pour la phase ordonnee. 


*11 est possible de caiculer grossierement le parametre 
€ 2 r«r.oxy correspondant ^ la 2® distance fer-oxygene. 
Celui-ci es! trouv6 de I’ordre de e<j,rer-oxyM 1' introduc- 
tion de cette valeur dans ratHnement ne change notable- 
ment, ni le residu, ni les parametres, 
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Fig. 4. Courbe d’erreurs F,(r)- F^ir) F^ir) esl calculee 
d’apres les paramctres du Tableau + + affinemeni 
fait en introduisant <,,Ker-(ixy = Oicas a); — affinemenl 
fail en introduisant fi.fpr^xy comme variable (cas b). 
Dans le cas (a), le deplacement des ions oxygene est 
mis en evidence par la forme de la courbe au voismage 
de /*= 2 A: c’esl la denvee d'une- fonclion delta (elargie 
par les cflfels de coupiire el perturbee par les autres 
variables). 


Le probleme des relations entre les para- 
metres jS, et fijitatiqui* ne pourrait etre 
resolu que par Fintroduction d’une hypothese 
sur la propagation des deplacements. Dans le 
cas de certains alliages. Boric [6], en supposant 
que chaque noeud du reseau est occupe par 



Fig. 5. Courbes /C{a) dans I'espace reciproque: + + + + 

courbe expenmenlale; calculee pour le cas (a); 

O — 0 calculee pour le cas (b). 


un centre de distorsion a symelrie spherique, 
et que = + relie les para- 

metres «, etfi^y. 

Si, dans les corps ioniques, les variations 
de distance sont dues aux differences de 
charges, on peut penser que les cations de 
memc charge s'eloignent au maximum, 
les liaisons premiers voisins les plus couries 
etant les liaisons entre cations de charges 
differenles*. Ainsi, dans FcLiO^, Fensemble 
des cations fer et lithium peui etre remplace 
par un cation unique de charge + 2 occupant 
les positions ideates. Les ions Fe’*' onl 
alors, par rapport a cette charge moyenne, 
une charge + 1, les ions Li^ une charge — I, 
et les distances Fer-Fer correspondant a 
Finteraction de deux charges + I sont egales 
aux distances Li- Li correspondant a Finterac- 
tion de deux charges - 1. On a done une rela- 
tion differente de celle de Boric entre les 
distances AA, A B BB, et le calcul nest 
pas possible avec les memes hypotheses. 


*C’est pourquoi nous avons appeie ces deplacemenis 
‘etfet de charge'. 
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(2) Etude des parametres dordre d courte 
distance 

Dans le Tableau 1, nous avons indique, 
pour comparaison, les valeurs des parametres 
d’ordre a courte distance dans les structures 
Q] el Q]]. Les parametres dordre d courte 
distance a, des echantillons desordonnh 
sont pea differents de ceux de la structure 
Qii. La structure desordonnee se rapproche 
done localement de la structure Qu- Meme 
pour des voisins eloignes, les a, de la phase 
desordonnee conservent des signes et des 
rapports concordant avec leurs valeurs dans 
Qn. Les variations assez faibles des a autres 
que ler voisins permettent cependantde passer 
d’un elat ordonne a un etat desordonne 
correspondant a une infinite de configurations. 

Par conlre, les structures desordonnee et 
(2 II sont trh differentes de Q]. 

Cette analogic des phases a et 2ii se 
retrouve dans les mesures magnetiques[10] et 
permet de comprendre le mecanisme des 
transformations. En effet, la transformation 
de la phase desordonnh en ne sc fail que 
par I'intermhiaire de 0ii(ll]. Or, le change- 
ment dc la structure a se fait avec peu 
de sauts de cations. II est done plausible que, 
dans la matrice desordonnee, les germes de 
(2 11 se ferment plus facilement que ceux de 
Cj. La transformation Qi se rhlise 

ensuite par hhange de position entre les 
cations, plus facile ici car les deux structures 
sont comparables par leurs dhormations 
quadratiques. 

ENERGiE ELECTROSTATIQUE DES 
DIFFERENTES PHASES 

La difference d’energie entre une phase 
ordonnee et une phase desordonnee est de 
Iferdre de R Tr par mole, pour une temperature 
de transition dans le cas de FeLiOg 
(7V^ 1000°K) on trouve ainsi 2kcal/mole, 
Nous allons tenterde relrouvercettedifference 
d’energie entre la phase C?i et la phase a, 
en introduisant tous les parametres deter- 
mines ci-dessus. 


Ener^^ie coulomhienne 

Dans rhypothese d’interactions electro- 
staliques coulombiennes, nous avons deter- 
mine la difference d’energie entre et a 
en tenant compte dans le calcul de Tordre 
a courte distance et des deplacements des 
ions. Les distances interatomiques changeant 
peu, nous avons n^lige les variations de 
I'energie de repulsion. Nous avons pu 
introduire facilement ces termes par un 
calcul dans Tespace reciproque en utilisant 
la mhhode de Bertaut[12] et le diagramme 
de rayons-X[13], les facteurs de diffusion 
atomique etanl rempiach par des charges. 

Si Ton ne tient compte que des interactions 
entre charges, sans effet de polarisation, la 
variation d’energie electrostatique entre 
Qietttest[13]. 






avec \h\~2 sin Ojk = sfln 


Fo(h,) et Frf(hj) sont les facteurs de struc- 
ture des reflexions de Bragg des phases Qi 
et O' respectivement, les facteurs de diffusion 
atomique f( etant remplaces par les charges 
eiJ{h) une fonction de Tespace rhiproque 
prhish plus loin. est la transformee 
de Fourier d’une sphhe pleine, de rayon 
choisi egal a 0,95 A pour eviter les recouvre- 
ments entre atomes voisins (la self-hergie, 
etant la meme dans les deux phases, n’inter- 
vient pas). La limite d’integration utilisee 
pour les raies et le fond conlinu donne une 
prhision de Fordre de 0,5 %. 

Pour le terme relatif a la phase ordonnh, 
nous avons introduil le parametre de position 
de Foxyghe determine prhhemment. 

J{h) provenant de la rhartilion non period- 
ique des charges est relie a Fordre a courte 
distance et aux dhl^cements, par une 
relation analogue a celle donnant I(s) (relation 
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1). Cette fonction se divise done, comme 
!{s), en trois parties que nous avons integrees 
separement dans I’espace reciproque. Ce 
sont: (I) le terme d’ordre a courte distance: 
il a ete obtenu en retranchant du fond continu 
experimental, les diffusions dues aux distor- 
sions; A-e fi\ y sorit ensuite remplacees 
par les charges +3 et +1[13]; nous avons 
pu ainsi tenir compte de toutes les interactions, 
meme celles entre voisins eloignes, alors 
qu'un calcul dans I’espace direct ne nous 
aurait permis d'introduire que les 5 premiers 
voisins. Cependant, les ions ne sont pas en 
position ideale et il s’ajoule; (2) le terme du 
aux variations des distances cation-cation: 
nous le calculons, pour les premiers et deux- 
iemes voisins en supposant que les distances 
lithium-lithium inconnues sont egaies aux 
distances fer-fer (voir plus haut discussion 1). 
Il suffit de remplacer dans Texpression de j3 
le terme: 

1 ~ f\.Jl Ke ^/l.l/^Fe- 

(3) Le terme du aux deplacements des anions: 
nous n’avons considere que les liaisons anion- 
cation premiers voisins. L‘energie totale 
d’interaction coulombienne de la phase 
ordonnee Q\ est de 2474 kcal/mole (somme 
sur les raies de Bragg moins self-energie) 
si Toxygene est place dans sa position reellc, 
2435 kcal/mole s'il est en position ideale, 
soit une difference de 40 kcal/mole. L’cncrgie 
de la phase a supposee totalement desor- 
donnee, e'est-a-dire avec J(h) = fond continu 
de Laue, est de 2235 kcal/mole, soit une 
difference d’energie de 240 kcal/mole entre 
Tetat ordonne reel et Tetat totalement 
desordonne* 

L’evaluation ainsi faite est correcte pour 
Qu pour a, elle doit etre corrigee des termes 
(1-3) ci-dessus. Les corrdations ne sont pas 
nulles et le terme (1) augmente Tenergie 
de la phase a de 82 kcal/mole, le terme (2) 


*Avec le signe adopl6, une phase est d’autant plus 
stable que son energie est plus grande. 


(allongement des distances Per- Per et Li- Li 
par rapport aux distances Fer-Li) de 32 
kcal/mole et le terme (3) (difference entre les 
distances Pe-Oel Li-0)de 56 kcal/mole. 

il subsiste done une variation d’energie 
de = - 70 kcal/mole entre I’elat 

ordonne et Petal desordonne. Bien que plus 
faible que les 24()kcal entre phase ordonnee 
et phase totalement desordonnee, cette 
difference d'energie est cependant beaucoup 
trop importante pour la temperature de 
transition observee. 

II semblerait que cet ecan provienne des 
effets de polarisation des ions oxygene. En 
effet, les environnements des anions en cations 
sont Ires dissymetriques. 

Evaluation de I' energie de polarisation 

Dans la structure ordonnee Qi, nous avons 
determine Penergie due a la polarisation des 
ions oxygene par la methode uiilisee par 
Kingsbury [14]. La diminution d'energie 
entralnee par la polarisation est donnee par 

dans laquelle L, est le potenliel cree par les 
dipoles oxygene P(ox) sur Pion i de charge 
qi (ou par la relation equivalente iPlox) 
Eciox) dans laquelle E,.(ox) est le champ des 
charges surPoxygene). 

Tous les calculs onl ete faits sur un ordina- 
teur. Les potentiels sont calcules par !a 
methode d'Evjen par integration sur des 
couches: si a. b. c sont les parametres de 
la maille, la couche n est formee par le 
volume compris entre les parallelepipedes 
rectangle de cote 2na, 2 / j / j , 2}H' et 2{w- Ik; 
2{n~ 1)/?, 2{n- 1)(‘. La maille a-b = 4.05 A 
et 8,722 A, elant grande, il suffit de 3 
couches plus la maille centrale (soit environ 
3()0()alomes) pour obtenir une precision de 
Pordre de 0,1 %. 

En placant en chaque position d'un ion 
oxygene, un dipole unite P(m) (P(n)=l 
electron A) oriente selon c (orientation de 
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Taxe de symetrie passant par un oxygene), 
nous avons determine le potentiel du a ces 
dipoles en deux positions situees a ±0,05 A 
(selon c) de part et d’autre du centre 0 d’un 
oxygene: on obtient ainsi le champ au 
point 0; Simultanement nous avons calcule 
les potentiels des charges en ces points, et 
ensuite le champ des charges en 0. 

Si AP(u) est la valeur du dipole P reel on a: 

P=A?{u)=a{E +AEa) 

avec a polarisabilite de Tion oxygene = 
2,4.10“-' cm'^llS]. 

On trouve = 3,25 . 10^" V/m, et = 
1,42 . 10’^^ V/m, doLi /I = 0,71 soil une 
energie iPE^ de 53 kcal/mole FeLiOi. 

Nous avons aussi determine les potentiels 
dus aux charges et aux dipoles. 

Sur les sites des ions et 0'^ 

respectivement, les potentiels dipolaires sonl 
de -2,36, 2,16 el -0,07 V et les potentiels 
des charges de -33,44, - 15,23 et 24,77 V, 
soil une energie d'inleraction charge-charge 
de 2473 kcal/mole en accord avec la valeur 
obtenue precedemment. 

Dans Q,, parmi les 3 segments de droite 
cation-oxygene-calion concourants sur un 
oxygene (Fig. I) un seui est dissymetrique, 
pour 2 dans (),i (en realile 1 ou 3 selon la 
position de I'oxygene) et 1,8 dans a d’apres 
la valeur du parametre d’ordre a courte dis- 
tance ^ 2 - Les energies de polarisation sont 
done beaucoup plus importantes dans Qi] 
et a que dans 2|. A defaut de pouvoir le faire 
dans la phase, a, nous avons determine 
Tenergie de polarisation dans la phase Qu 
mais en ne considerant que les interactions 
charges-dipoles et en pla 9 anl tous les atomes 
en position ideale, ce qui simplifie les calculs, 

Dans Tune ou Tautre des deux structures 
possibles de la phase Cn[2] les oxygenes 
appartiennent adeux positions. 

Nous avons trouve un champ de 8,2.10^*^ 
V/m sur Pune des positions et 4,03.10*® 
V/m sur I’autre, ces deux champs etant pres- 
que orthogonaux. 


Soil une energie de 158 kcal/mole (les inter- 
actions dipoles-dipoles doivent entramer 
une Energie de I’ordre de 10% de cette 
derniere). 

On peut admettre que pour a, Penergie de 
polarisation est du meme ordre que celle de 
Qiu d'autant plus que les premiers voisins 
doivent y jouer un role important car les 
voisins plus eloignes sont sans doute assez 
desordonnes’'*. La difference d'energie 
liee a la polarisation entre Qu et Qi est de 
105 kcal/mole; on peut expliquer par ces 
phenomenes les 70 Kcal/mole qui subsistent 
lors du calcul d’energie d’interaction charge- 
charge, entre Cl et at. 

Nous avons montre par ailleurs[16] que 
dans Phypothese d’interactions de paires 
jusqu’au 2"^ voisins avec un rapport d’energie 
(avec L/ = K + V — 2 K peu.i 
dans laquelle est Penergie d’interactions 
enire un atome A et un atome B distant de 
^i) la relation 4ai+a2 = -l correspondait 
a un minimum d’energie el qu’elle permettait 
une structure desordonnee; or i’observation 
des parametres d’ordre a courte distance 
montre que cette relation se conserve assez 
bien (-1 pour C, el Cih ”0,87 pour a). 
11 semblerait done que toutes les interactions 
intervenant dans la variation d’energie entre 
les trois phases de FeLi 02 puissent etre 
traduites par la relation d’energie L, -2^ 
entre cations premiers et deuxiemes voisins. 
Malheureusement, nous n’avons pas pu 
etablir de rapport entre ce type d’explication 
et les calculs developpes ci-dessus. 


*Dans Q}, I’cfTet des premiers voisins d’un oxygene 
est aiienue par les suivants ce qui explique la valeur de 
200 kcal/mole trouve par Fayard pour Penergie de 
polarisation dans Q] en ne considerant que les premiers 
voisin.s. 

tNous avions effectue pour le spinelle Fe^LiOs uncalcul 
analogue [1 3] qui nous a conduit a un r^sultat plausible 
sans la prise en compte de Penergie de polarisation. 
Sans^doute, les elfets de polarisation n’interviennent que 
tres faiblcmcnt dans ce corps, car I’environnement en 
cations d’unc oxygene varie tres peu entre les 6lats 
ordonn^ et desordonne. 
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LIGHT PULSEStt 


FREDERICK J. DUDEK^ and L. I. GROSSWEINER 

Physics Department, Illinois Institute of Technology, Chicago, 111. 60616, U S.A 


{Received 21 December 1968; in re vised form 6 February 1969) 

Abstract-The optical conversion of F centers to Vf centers in KCl by 1 ^sec light pulses has been 
studied as a function of repetition rate, temperature, pulse intensity, and F center density. The 
initial rate of growth after a delay period increases with decreasing repetition rate while the maxi- 
mum M band yield increases with increasing repetition rate, for both KCl’K and Co-bO irradiated 
samples. The results obtained with irradiated crystals follow a kinetics model based on the combina- 
tion of an anion vacancy with a nearby F‘ center, m competition with thermal and optical ionization 
of the F' center. It is proposed that the electronic motion during the delay period and the first stage 
of M center formation takes place via tunneling, while the later stages of aggregation in which bulk 
processes control involves the combination of anion vacancies with F centers or M centers The 
relationship of this work to steady illumination measurements is discussed. 


INTRODUCTION 

The optical conversion of F centers to M 
centers is one of the most fundamental of 
the color center transformations involving 
both ionic and electronic motions. Although 
this process has been known since at least 
1 940 from the work of Molnar [ 1 ] , the mechan- 
ism remains a subject of current investigation. 
Most of the available information derives from 
kinetic studies, in which the dependence of 
the M band growth rate on pertinent variables 
such as F-center density, temperature and 
light intensity, have been measured. Un- 
fortunately, there is considerable lack of 
agreement among the experimental results. 
For example, for the case of additively- 
colored KCl, activation energies for the 
F -> A/ optical conversion have been re- 
ported as follows: Bron and Nowick [2] 
0*35 ±0*05 eV (based on the data of Petroff 
[3]), van Doorn[4] 0-58 eV, Delbecq[51 

tSupported by the U.S. Atomic Energy Commission. 
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0-46 eV, Itoh and Suita [6] 0-95 ± 0-20 eV 
(pulsed F light) Asai and Okuda(7] 0-41 eV. 
The dependence of the initial rate of M center 
formation in KCl on absorbed F light intensity 
(//,)" and the initial F center density [FY have 
been reported as follows: van DoornI4] /t = 0 
at high !y to /?= I at low />. Delbecq[5] 
/» = 0*27; p=l*3, Asai and Okuda[7] 
« = 0-65;p= 1'34. 

The wide variation of these results can be 
attributed to several factors. The work of 
Delbecqf5] has shown that the growth of the 
M band is preceded by a ‘delay period* in 
which the quantum efficiencies of both F 
center fluorescence and the formation of F' 
centers are reduced by times, which are 
explained by a condensation of F centers 
prior to actual aggregation. The supression 
of F' center formation during the delay period 
was confirmed in KCl at 85‘'K by McCall and 
Grossweiner[8] using pulse bleaching and in 
KI at 113°K by Schneider and Patlerson[9] 
using a ^-switched ruby laser. As discussed 
in more detail below, the formation of ag- 
gregate centers probably occurs in several 
stages and the measured activation energy 
may vary with the particular conditions of the 
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experiments. The complicated dependence of 
the M center growth rate on light intensity 
suggests that a short-lived intermediate is 
influenced by the light, a possibility that does 
not appear to have been considered in detail 
in the previous work. 

In this work the initial conversion of F 
centers to M centers in KCl induced by re- 
petitive light pulses of short duration has been 
studied as a function of repetition rate, pulse 
intensity, initial F-center density, and tem- 
perature. This approach has the advantage of 
providing information about the dark proces- 
ses that accompany the photochemical effects 
and makes it possible to work at low average 
light intensities, where no.i-linear effects 
are most significant. The early work of Itoh 
and Suita[6] showed that the growth of the 
M and R bands in KCl is remarkably sensitive 
to the pulsing period, but their limited results 
could not be analyzed in terms of a specific 
model for M center formation. The new 
measurements have been made with both 
addilively colored KCl (KCl-K)and cobaIt-60 
irradiated (KCI-y) with similar results. It 
has been found that the first stage of M center 
growth, following the delay period, cannot be 
explained by a conventional mechanism in 
which uniform volume kinetics is assumed. 
However, the results are in excellent agree- 
ment with a modified Liity mechanism [10], 
in which both condensation and the first stage 
of aggregation take place via tunnelling of the 
electron from the excited F center to a nearby 
F center, followed by thermal and light- 
induced return of the electron to the anion 
vacancy, in competition with migration of 
the vacancy to the F' center. This process 
has been referred to as the F'-a mechanism 
(in contrast to the F-a mechanism in which 
ionized M centers are formed by the combina- 
tion of the anion vacancy with an F center) 
and is consistent with the kinetics results 
obtained in this investigation and also the 
suppression of F center luminescence and 
ability to form F' centers during the delay 
period. 


The analysis in this paper is confined to the 
results with KCl-y samples obtained under 
refined experimental techniques subsequent 
to our earlier work with KCI-K samples. The 
latter work is reported in the thesis of Wier 
[11], which is referred to for comparison 
purposes in the Results. 

EXPERIMENTAL PROCEDURES 

The KCl samples were taken from 1 in. 
cubes supplied by Harshaw Chemical Co. 
Additive coloring was done by the van Doom 
method [12], followed by annealing at 450^ 
for 45 sec and rapid cooling to room tempera- 
ture. The irradiations were done in a Co-60 
chamber at room temperature, after which 
the crystals were cleaned by the chemical 
method of Zwicker(I3]. The sample dimen- 
sions were I cm x I cm x 1-2 mm thick. 

Pulse bleaching and measurement of M 
band growth was done in a modified Beckman 
DU spectrophotometer, in which an E.G, & 
G. type FX-6A flashtube was located in a 
housing attached to the sample chamber, 
with the output focussed on the crystal per- 
pendicular to the measuring beam. The crystal 
was located in an evacuated double-wall 
metal sample holder with the face oriented 
at 45° to both the measuring and irradiation 
beams. (This necessitated a Snell’s law cor- 
rection of M4 to the optical path length 
which was made for all reported data). The 
crystal was in good thermal contact with a 
copper plate attached to the inner can of the 
sample holder and the copper-constantan 
measuring thermocouple was attached firmly 
to the copper plate adjacent to the crystal. 
The temperature was controlled to±0‘2°C by 
circulating fluid through the well of the inner 
can from a Haake type F thermostat bath 
unit using water above room temperature and 
an isopropanol-water mixture below room 
temperature. 

The flashtube was operated repetively by 
charging a 0*1 mfd capacitor to 600 V. The 
light pulse of 0*8 Msec risetime and 0‘9Msec 
halfwidth provided 3‘6X 10“'^J/cm^ through 
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a Coming CS No. 4-64 glass filter (475-590 
nm pass) as measured with an E.G. & G. 
Lite-Mike. The spectral intensity distribution 
was measured with a set of narrow-band 
interference filters from 420 to 800 nm using 
the Lite-Mike, to enable the calculation of 
the absorbed energy. For a typical KCI-y 
sample with 1*5 x 10^^ F centers/cm^ (based 
on Smakula’s relation with /==0*81) the 
energy absorbed in the F band per pulse was 
(l-0±0-2) X 10^^ photons per cm'^ in the 
irradiated crystal. The light pulses were 
monitored with a 929 phototube and displayed 
on a Tektronix 531 A oscilloscope to ensure 
constant intensity at different repetition rates. 
In addition, the phototube output was counted 
with timer-decade scaler unit of a GE XRD-3 
X-ray diffraction unit to determine the 
repetition rate. The rate was controlled by 
triggering the flashtube with a 2D2 1 thyratron, 
which was triggered in turn with a Hewlett- 
Packard model 212 A pulse generator from 
50 to 200sec“* and with the gate of the 
Tektronix oscilloscope at lower repetition 
rates. The growth of the M band was measured 
by coupling the spectrophotometer output to 
a Leeds and Northrup type G Speedomax 
chart recorder using a Beckman ERA unit. 
The M center density was calculated with 
Smakula’s relation using /= 0*23 for the A/, 
band. The results are reported as M centers 
formed per pulse, where the actual run time 
varied from minutes to many hours depending 
on the repetition rate. The analog computer 
used for function generation was an EAI type 
TR-20 with non-linear expansion and Moseley 
type 2S x-y recorder readout. 

RESULTS 

Typical data for the growth of the M band 
in KCI-y induced by repetitive pulsed 
illumination at 25°C are shown in Fig. 1. It 
is apparent that the initial yield (per pulse) is 
higher at low repetition rates R, while the 
maximum yield of M centers increases with 
increasing R. Analogous effects were observed 
with KCI-K as shown by typical data in Fig. 



Fig. 1, M band growth induced by F light pulse illumina- 
tion of KCl-y at 25T. F center density 8 0 X lO'Vcc. 


2. A summary of initial growth rates (per pulse) 
with a uniform set of KCI-y samples is given 
in Table 1. The dependence of the growth 
curve on R becomes less significant at higher 
temperatures. Figure 3 shows data for KCI-K 
obtained at 50°C with three different values of 
R. The same general effect is shown by the 
initial rates in Table 1. The delay period re- 
ported by Delbecq[5] was observed also in 
this work, particularly at low temperatures 
and high R. Results for both types of crystals 
are shown in Fig. 4. The effect of light pulse 
intensity on the initial growth rate in KCl-y 
is shown as a logarithmic plot in Fig. 5. At 
low intensities the exponent n is 0-75 ± 0*05. A 
saturation effect occurs at higher intensities, 
and is attained more rapidly at the higher value 



Fig. 2. M band growth induced by F light pulse illumina- 
tjon of KCl-K at OT: F center density 16 x lO'VccI / 1 / 
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Table 1 . Dependence of initial M hand growth rate on temper- 
ature and repetition rate for Co-60 irradiated KC\ 


Temperature 

(T) 

Repetition ratet 

(c/s) 

Initial growth ratet 
(M centers/ cm^-pulse) 

0-0 

200 

0-19x10“ 

00 

100 

0-43 X 10“ 

00 

50 

0-80 X 10" 

0-0 

20 

l'59x 10" 

0-0 

10 

2-67 X 10“ 

8-0 

200 

0-40 X 10“ 

80 

100 

0-76x10“ 

80 

50 

1-27 X 10“ 

8-0 

20 

2-65 X 10“ 

80 

10 

3-74x10“ 

15 0 

200 

0-71X10“ 

15-0 

100 

1-42X!0“ 

15 0 

,50 

2-43X10“ 

15-0 

20 

3-30 X 10“ 

15 0 

10 

5-00 X 10“ 

25-0 

200 

1-38 X 10“ 

25-0 

100 

I -98 X 10“ 

25 0 

50 

3-06x10“ 

25-0 

20 

4-48x10“ 

25 0 

10 

5-36X10“ 


t(I-0±0'2) X 10' ' photons per cm*'’ per pulse absorbed. 
^Initial f center density (1-50 ±0 08) x lO^^percm^. 



Fig. 1 M band growth induced by t light pulse illumina- 
tion of KCI-K at F center density 1'6X lO'Vcc, 
repetition rate (a) 5/sec, (b) 30/sec, (c) l00/sec[l I]. 


of R. I'he measured dependence of the initial 
growth rate on initial F center density is 
shown as the points in Fig. 6. The dashed line 
was obtained by making an approximate 
correction for the change in absorption from 



10 \ number of pulses 


Pig. 4. Initial M center growth induced by F light pulse 
illumination: (a) KCl-K, 2-2xi0‘^F cenlers/cc, 3T, 
50 pulses/sec. pulse dose 1 x phoions/cc; (b) KCl-o'. 
1'5xl0^’F ceniers/cc, OT. 20 pulses/sec, pulse dose 
0 025 X 10^^ photons/cc. 

sample to sample based on the factor (1~ 
exp-ap„J) where is the absorption coeffi- 
cient at the F band peak and d is the thickness. 



OPTICAL CONVERSIONS OF F CENTERS TO M 


2027 



10 \ absorbed phdonspercc per pulse 


Fig. 5. Dependence of miliai M center growth rate on F 
light pulse intensity: KCI- 7 . 1 ’5 X lO^Vcc, OT. 


[a][r] -Cf,Tr[F]l(\-byIyTr) {{} 

where ly is the rate of light absorption by 
F centers^ Tyf is the thermal lifetime of an 
F' center, y is a constant factor that depends 
on the photoionization efficiency of the F' 
and the overlap of the F and F' absorptions 
integrated over the spectrum of the incident 
light, and C is a constant that includes other 
transition probabilities and cross sections 
(Appendix A). The predictions of this 
mechanism for M center growth depend on 
the model considered: 

(1) F'-« model 



Fig. 6. Dependence of initial A/ center growth rate on t 
center density: KCl-y, 0°C\ M) pulses/sec. The dashed 
line IS obtained after correcting for the light absorplion 
rate. 

( 1 ) Rationale of the proposed model 
It is convenient to introduce the proposed 
mode) in terms of the kinetics of M center 
growth induced by steady F light illumination. 
In the absence of aggregation effects it is 
generally accepted (e.g. fl4]) that the F 
center is excited to a higher state (F*) in 
which luminescence and the other deactiva- 
tion processes compete with thermally- 
assisted ionization. The conduction electrons 
may be trapped by F centers to form F' cen- 
ters or by a centers to give F*. The F' centers 
decay thermally and also via photoionization 
to reform an F center and a conduction elec- 
tron. For the case of KCI near room tempera- 
ture the steady state concentrations of F' and 
a centers are related as follows: 


6[M]/dt-^ 


ihnFv 

UenFr 


if ylr^ 
if y/> > 1 /tp 


(II) F-ix model 


d[M]ldt - 


if yly<t \lrr 
UrnF^'^ if Mrr. 


In both cases the initial rate of M center 
growth saturates with increasing light intensity 
as was observed by van Doom [4]. However, 
both models predict a strong dependence on 
F center density that was not observed in 
this work. It is concluded that bulk kinetics 
are not applicable in the initial M center 
growth stage. The clustering of F centers 
prior to M center formation suggests an alter- 
native mechanism, in which the rale con- 
trolling processes take place between the 
geminate F' and a centers in proximity. It is 
assumed that the electron ejected from the 
excited F center tunnels to a nearby F center, 
so that (he resulting vacancy has a higher 
chance of recombining with the nearby F' 
center than with other F centers or F' centers 
distributed through the crystal. The neighbor- 
ing vacancy-F' center entity is referred to as 
"Fa' (0 emphasize lhal its transitions are 
pseudo-first order with respect to the compon- 
ent defects. The rate controlling step is taken 
to be the competition between the thermal 
and optical conversion of to the original F 
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centers with coagulation to form an M center, 
so that the proposed mechanism is a modifica- 
tion of the Luty [10] F-<x model. It should be 
noted that this model does not rule out an F-ot 
mechanism in the later stages of bleaching or 
in purely thermal aggregation processes. 

(2) The Fa mechanism 
According to the proposed model the 
kinetics of M center formation can be rep- 
resented by the following steps: 


F + hVf -y->- Fa 

(a) 

F'a—M 

(b) 

F'a — *2F 

(c) 

F'a + hv, 

IF 

(d) 


which lead to the following rate equations: 

d[F;]/d/-T]/,-T,7;.-(A', + ^,)[F;] (2) 

d[M]/d/ = A,[F;] (3) 


the overlap of the F and F absorption bands 
and the spectrum of the incident light. 

A straight forward integration gives the 
contribution to M center growth of each light 
pulse and during the dark period between the 
pulses (Appendix B). A considerable simpli- 
fication follows if it is assumed that a sufficient 
number of pulses have been absorbed to make 
N(ki + k 2 )to > 1 (i.e. the time average F^ con- 
centration has attained steady state) and that 
negligible M band growth occurs during the 
short light pulse compared to the much longer 
dark time leading to: 


A[M]/AA = 


1 - ( 1 - 

7(r+~V5/o) (1 - 

(4) 


where A = ^1 + ^ 2 - Equation (4) predicts the 
dependence of the initial M center growth 
rate on pulsing period /o and light intensity 
/o. The measured dependence of the initial M 
band growth rate on r,, (from Table 1 ) is shown 
by the points in Fig. 7. In order to examine the 


where r/ is the quantum efficiency for the for- 
mation of the Fa entity and t}' is the quantum 
efficiency for its destruction by F light, If. and 
are the light absorption rates in F and F^ 
centers, and it, and are the pseudo-first 
order rate constants for steps (b) and (c), 
respectively. It is assumed that the short 
light flashes can be approximated by square 
pulses of duration t and period to, which 
should not introduce a significant error for 
> r. For optically 'thick’ samples in the F 
center absorption it is assumed that: 

[0 otherwise 

(w = 0, 1,2,3, . . .) 

where is the integrated rate of light absorp- 
tion. On the other hand, the F^ optical density 
must always be low giving lf {t) - Blyii) 
[Fj, where 5 is a constant determined by 



Fig. 7, Dependence of initial M center growth rate on 
pulsing period and temperature: ICCI-y, F center density 
I -5 X J0‘Vcc, The points are taken from Table I . The lines 
are the analog computer fit to equation (5') based on 
- 0-60, A'(25T) = 25 sec“’, and an activation 
energy for /: of 0*59 eV. 
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agreement with the model it is assumed that 
g-w,, 3 ]-kt„ and that k, in which 

case equation (4) reduces to: 

+ WBIri) {k/kr) 1 ( 5 ) 

which is the limit of high light intensities with 
high repetition rates. The fit of the data in 
Table 1 to equation (5) holds over the range 
of temperatures and R investigated; Fig. 8. 
An Arrhenius plot of the slope in Fig. 9 gives 
0-59±0’05 eV as the activation energy oir^ku 
which is the effective temperature-dependent 
quantity controlling M center formation. This 
result is in excellent agreement with 0*58 eV 
reported by van Doom [4], particularly in that 
he obtained the same type of non-linear in- 
tensity dependence observed in this work, 
suggesting that the initial aggregation stage 
is being measured in both cases. The con- 



Fig. 8. Plot of the data of Table 1 according to equation 
(5) in which the slope of the lines leads to relative values 
of ki and the common intercept shows that the thermal 
step (c) is unimportant. 



Fig. 9. Arrhenius plot of the reciprocal slope of the lines 
m Fig. 8. 

vergence of the lines to a common intercept 
implies that k and have the same tempera- 
ture dependence. The probable explanation 
is that step (c) does not contribute to decay 
at high light intensities so that the term is 
insignificant in the integrated relationship. At 
infinitely high light intensity equation (5) pre- 
dicts that the saturation rate of M center for- 
mation (per unit time) is the reciprocal of the 
slope in Fig. 8. At 0°C the latter quantity is 
4-OX lO^^cm'^sec’*. The conversion of the 
Fig. 5 data to rales per unit time gives for 
the extrapolated growth rate 2*9 x 10^^ cm 
sec*’ at 100 c/s and ~3x 10^^cm”^sec^^ at 
20 c/s. The agreement is considered quite 
good, since data for constant light intensity 
and variable R ( Fig. 8) are compared with data 
for constant R and variable light intensity 
(Fig. 5) obtained with a different crystal 
sample. 

The comparison between the model and the 
data was extended by fitting the predicted 
dependence of initial growth rate on pulsing 
period to the points in Fig. 7. Rearranging 
equation (5) leads to: 

=A(\- e-^'"*')/ ( 1 “ 

( 5 ') 
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where A is independent to u. The functional 
dependence on was generated with the 
analog computer and matched to the dala» 
using one value of for all temperatures 
and all values of R. The constant k was 
selected to give the best fit to the /o depen- 
dence at (fC and was adjusted according to 
the activation energy of 0*59 eV for the higher 
temperatures. The lines in Fig. 7 are the direct 
readout of the analog computer on the x-y 
plotter, based on ~ 0-60 and k{25°C) = 
25 sec"\ The corresponding values of k at 
other temperatures are 1 1-5 at 15®C, 6-2 at 
8T. and 2-9 at 0°C, all sec ^ Thus, a ‘high’ 
repetition rate at OT occurs for R> 3 c/s, 
while R>25c/s is required at 25°C. The 
magnitude of these time constants for M 
center formation supports the approximations 
leading to equation (5) and the calculation of 
the activation energy. The energy of 0'59eV 
applies to the rate constant A', of step (b), 
since step (c) has been shown to be un- 
important under these conditions. However, 
it is shown that a steady-slate analysis 
based on the time average light intensity leads 
to 0-61 eV for the high R growth rates, so 
that this result should be applicable also to 
the initial stage of M center formation under 
steady illumination of moderate intensity. 
(For example, the average intensity at lOc/s 
in this work corresponds to ~ I x 10*'^ photons/ 
cm“-sec absorbed in the F band). 

In the earlier work of Wier[l 1] with KCI-K, 
the numerical parameters were obtained by 
trial and error fitting of the growth data to a 
function equivalent to equation (5'). His 
results led to A = 6sec^* at 2*2x10’^ F 
centers/cm'* which did not change with tem- 
perature from y to 25°C. However, the 
quantity rj'Blnr varied by a factor of two over 
this temperature range which indicates that 
the fitting procedure used was not successful. 
We have attempted to analyze Wier’s data 
with the method of equation (5) and were not 
able to obtain a reliable value of the activation 
energy because of scatter. The most likely 
cause of such scatter is the non-reproducibility 


of the initial condition after the rapid quench- 
ing of the crystal, which does not arise with 
Co-60 irradiations. On the other hand, the 
qualitative aspects of Wier’s results parallel 
the present work and the essential features of 
the mechanism probably apply to both KCl-K 
and KCI-y. 

(3) Implications of the mechanism 

It is reasonable to assume that the delay 
period and the initial stage of M center 
formation are a continuous process, in which 
randomly distributed F centers in the un- 
bleached crystal first condense and then 
coagulate. Significantly, a considerable extent 
of F center luminescence quenching takes 
place prior to optical bleaching at moderate 
F center densities. For example, the data of 
Delbecq[51 shows that the F center fluor- 
escence efficiency at 0°C for a mean separa- 
tion between F centers of 1 7 lattice spacings 
(-l’9x lO'Vcm^) is approximately four times 
smaller than at a density corresponding to 50 
lattice spacings. Since F centers located in 
adjacent anion sites are already M centers, it 
follows that the concentration quenching is a 
moderately long-range interaction. This con- 
clusion argues against resonant transfer from 
the relaxed excited state of the F center to the 
ground state which should follow a depen- 
dence on distance. Furthermore* the poor 
overlap of the emission and absorption bands 
and the relatively long lifetime of the F center 
excited state are unfavourable for this type of 
process I15J, Delbecq’s data show also that 
an additional reduction in the fluorescence 
efficiency by a factor -3 has taken place at 
the end of the delay period, which corresponds 
to a mean separation of F centers (in an un- 
bleached crystal) of 15 lattice spacings. Since 
the ability to form F' centers has decreased 
by about the same factor, it cannot be assumed 
that fluorescence quenching involves only a 
process which competes with fluorescence. 
However, the fast transfer of the electron 
from the excited F center to a nearby F 
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center followed by non-radiative recapture 
of the electron in the anion vacancy is equi- 
valent to ‘physical’ quenching and also 
explains the decreased yield of F' centers. 
Furthermore, the migration of the vacancy 
towards the F' center under the influence of 
the coulombic attraction would explain both 
the condensation during the delay period and 
our results pertaining to the initial stage of M 
center formation. In the case of additively 
colored Kl, Schneider and Patterson [9] have 
proposed that the decrease in the ability to 
form F' centers at 113°K induced by F light 
bleaching at 238‘^K is due to a tunneling 
transformation of the type proposed in this 
work. The important distinction between this 
mechanism and the conduction band process 
of F center photoionization is that the return 
step (F'+a ^ 2F) must be non-radiative to 
account for the decrease in fluorescence 
efficiency, and that kinetics are pseudo-first- 
order in the F' or a center concentrations, as 
indicated by the F^ notation. 

In terms of the tunneling model, rj is the 
quantum efficiency for tunneling of the elec- 
tron from the excited F center, is the 
probability per second that the vacancy 
migrates to a lattice position adjacent to the 
F' center during the actual F' lifetime, and 
L is the probability per second that the F' 
electron tunnels back to the original vacancy. 
The kinetics do not distinguish between the 
two possible paths of step (d), i.e. return of 
the electron to the original vacancy or forma- 
tion of separated F' and a centers via photo- 
ionization of the Fi entity, so that the inter- 
pretation of 7}' cannot be expanded. As 
noted above, step (d) is responsible for 
the dependence of the initial M center 
formation rate on repetition rate and pre- 
dominates over the dark process step (c) in 
our measurements. The transition to the next 
stage of bleaching is readily explained if 
the path leading to separated a and F' centers 
is the correct one, because the subsequent M 
centers would be formed also by bulk pro- 
cesses. The conversion of F centers to M 


centers in this work is < 1 per cent at 0°C and 
<3 per cent at 25X. The non-dependence of 
the initial growth rate on F center density 
supports the hypothesis that condensed F 
centers are involved in this stage. A possible 
reason for the F center density dependence 
reported by Delbecq[5] and Asai and Okuda 
[7] is that the F-a mechanism takes over as 
soon as a random distribution of F' and a 
centers is established (see Discussion). In 
fact the occurrence of volume processes in 
the later stages would explain the higher M 
center maximum yields at higher R observed 
in this work (Figs. 1 and 2), because the 
higher time average light intensity establishes 
higher steady-state densities of F' and a 
centers. An additional factor is the use of 
radiation coloration in this work compared to 
additive coloration in [5] and [7]. The low 
M band formed after irradiation of KCl 
suggests that some condensation occurs in 
the un-bleached crystal, which would enhance 
the significance of the F'-a stage. 

DISCUSSION 

It is interesting to compare the pulse bleach- 
ing analysis with the equivalent solution for 
steady irradiation. The steady-state solution 
of equation (3) for constant intensity light F 
leads to: 

d[M]/d/ = kir}lrlir}’BF~^k) (6) 

so that a plot of (A[A^]/A/) ^ against 
should give a series of straight lines at high 
/?, where I,, = /o(t/^)). The data in Table I 
graphed in Fig. 10 are in agreement with equa- 
tion (6). An Arrhenius plot of the intercepts at 
the different temperatures gives 0*61 eV for 
the activation energy of T)ki. which is in good 
agreement with the result obtained by the 
pulse analysis. Furthermore, the parallel 
lines (at high R) for the different temperatures 
indicates that k = has the same tem- 

perature dependence as deduced also in 
the pulse analysis. It is concluded that the 
activation energy of M center formation 
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Fig. 10 Fit of the Table 1 data to the constant light 
intensity approximation based on equation (6) with 
K - htirltiih The approximation is valid at high average 
light intensity (high repetition rate) where the parallel 
straight lines show that the thermal step (c)is unimportant. 

obtained in this work is equivalent to the 
activation energy that would be observed in 
steady illumination measurements made in 
the early stages of aggregation. The un- 
importance of the Lj, term emphasizes that 
photobleaching of the centers is the 
dominant back process for the temperatures 
and F-center densities involved. 

Equation (6) predicts a linear dependence 
of growth rate on light intensity at low light 
intensities and saturation at high light in- 
tensities. as were actually observed by van 
Doom [4]. The variation of the exponent // 
reported by other workers is probably due to 
the non-applicability of the dependence. 
As shown in Appendix A, the assumption of 
bulk processes leads to strong dependence of 
the initial growth rate on [FJ, while the F^ 
tunneling model predicts a rate independent 
of [F], The experimental results of the earlier 
investigations indicate that bulk processes 
are controlling above 0®C in KCI, probably 
because the short F' lifetime establishes a 
random distribution of F' and a centers in a 
time short compared to the measurements. On 
the other hand, our light pulses are -- W times 
more intense than typical steady sources, with 
a corresponding increase in the initial con- 
centration of near-by F' and a centers and 


the possibility of their combining prior to 
thermal ionization of F' or by the next light 
pulse. 

The activation energy of 0*59 eV can be 
interpreted as the jump activation energy of 
the anion vacancy to the F' center, since 
is not expected to require thermal activation 
in the tunneling process. Reported values for 
the activation energy of the anion self-diffusion 
constant in KCI range from 0*8 to 2 5 eV[16], 
which is at least consistent with the view that 
the coulombic attraction contributes to the 
initial aggregation process. It is interesting to 
note that Hirai and Scott [17] have estimated 
that the monopole-induced dipole interaction 
between an F center and a vacancy could 
contribute only “0 04 eV to the activation 
energy for the F-a mechanism. 

The tunneling of an electron from the ex- 
cited F center to a nearby F center in the 
ground state was proposed by Markham et al, 
[18] to explain the reversible optical bleach- 
ing of the F band in KBr at 300°C, and more 
recently by Schneider and Patterson[9] as 
noted above. The critical tunneling distance 
can be estimated with a theory proposed by 
Nelson [19] in connection with electron 
transfer from an adsorbed dye molecule in 
the excited state to a semiconductor conduc- 
tion band. According to this model, the 
temperature-independent part of the tunneling 
probability is the order of: 
where is the classical frequency of the 
electron in the potential well, t is the life- 
time of the excited state, and t is the barrier 
transparency. Taking / - exp [“2n(2/nAF)^^V 
h] gives for the critical distance a* (i.e. the 
distance at which p==l/2): n*(A) ^ 2-25 
logiu/cT/(AF)^^^ For the excited F center in 
KCl;A£-016eV and t = 6x 10-'secl20], 
and taking - 10^^ sec"' gives a* ^ 50 A. 
Although this calculation is highly over- 
simplified, the conclusion that the excited 
electron can tunnel over a number of lattice 
spacings is probably correct, in view of the 
low barrier and the long excited state life- 
time. On the other hand, the long lifetime is 
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unfavorable for resonant dipole transfer with 
a probability^ 

It should be emphasized that the mechanism 
proposed in this work to explain optical M 
center formation in KCl may not be operative 
in related thermal processes, such as aggrega- 
tion by the rapid warming of additively- 
colored crystals bleached at low temperature 
observed by van Doom [4] and studied in 
detail by Hirai and Scott [17]. The latter 
workers proposed that F' electrons are 
trapped at a center associated with the A band 
above ~50°C, while M centers are formed 
above -40°C by the F-a process followed by 
capture of the trapped electrons. However, 
their estimate of the a center jump proba- 
bility based on high temperature anion dif- 
fusion constants is incompatible with the M 
center yield and they suggest that ‘amomalous' 
low temperature diffusion constants may be 
more appropriate. Aggregate centers are 
formed also by irradiating at low temper- 
ature followed by warming. This effect 
was observed by Rabin [21] in KCl, and 
studied in detail for LiF by Farge et al. 
\22] and Nahum [23] in which the F-a 
mechanism was proposed. These findings and 
the proposed explanations do not conflict 
with the present work, which postulates the 
F'-a mechanism only for the first stage of 
aggregation (after the delay period) in the 
photochemical process. The complications 
resulting from higher aggregates and the 
growth of new absorptions under the F band 
make the extension of our method to the later 
stages more difficult. We have made some pre- 
liminary measurements on the growth of the 
R band in KCI-y induced by repetitive pulse 
irradiation and observed a marked depen- 
dence of the initial growth rate per pulse on 
the repetition rate that parallels the M band 
case, i.e. faster growth at smaller values of 
R. However, there are two differences from 
the M band results: (a) the influence of R 
on the growth rate does not become smaller 
as the temperature is raised from 0° to 25°C; 
(b) a very rapid formation of R centers takes 


place during the first few hundred pulses 
prior to the establishment of linear growth. 
The rapid rise can be explained by the M'-a 
process utilizing the small concentration of 
M centers already in the irradiated crystal. 
The next stage, which competes with M band 
growth, probably involves the M-a process 
because the temperature dependence indicates 
that the stability of the intermediate is higher 
than that of which rules out the 
center. 

The relationship between these results and 
the formation of the M center triplet state 
is of interest. The work of McCall and 
GrossweinerfS] and Schneider[24] has 
shown that low-temperature illumination of 
KCl containing F and M centers with F light 
induces the formation of the M center triplet 
state. The proposed mechanism is short- 
range energy transfer from the excited F 
center to nearby M centers, which is con- 
sistent with a number of experimental results 
such as the linear dependence of the yield on 
M center density [81, the action spectrum 
peaking at the K band [8], and the non- 
dependence of the yield on the polarization 
of the incident light for oriented M centers 
[24]. This conclusion raises the question as 
to why resonant transfer from F* to the M 
center is possible while tunneling appears to 
be favoured for the F’^-F interaction. Based 
on the temperature dependence of the 
lifetime, it was suggested in [8] that the 
lowest triplet-state wave function of ^1/ 
character is stabilized by the nearest neighbor 
cations, so that the potential energy surface 
has a minimum before it contacts the ground 
state. This situation might lead to a substan- 
tial enhancement of the exchange integral 
with F* (particularly for K band excitation) 
and permit spin-conserving resonant transfer. 
On the other hand, electron transfer would 
be less favorable in this case because of the 
tow stability of M' compared to F' centers. 
These considerations are admittedly specula- 
tive and a detailed theoretical treatment of 
the tunneling and resonant transfertransitions 
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between F* and F or M centers is necessary. 

SUMMARY 

The irradiation of KCI-K or KCNy with 
repetitive pulses of F light near room tempera- 
ture induces the formation of M centers after 
a delay period in which the initial linear 
growth rate decreases with increasing re- 
petition rate R, while the maximum height of 
the M band increases with increasing R. The 
results of this work with KCI-y show that the 
initial growth rate is essentially independent 
of the F center density and increases with 
light pulse intensity up to a saturation value. 
The dependence of the initial growth rate on 
R is strongest at (fC and tends to disappear 
above 25°C. 

These results are explained by a kinetic 
model in which the shortlived intermediate 
formed by optical excitation of the F center 
generates M centers in a pseudo-first-order 
process, in competition with thermal and 
optical destruction of the intermediate. The 
data are in quantitative agreement with this 
model and lead to an activation energy of 
()'59±0-05eV for the conversion of the 
intermediate to M centers. 

It is proposed that the condensation of F 
centers during the delay period and the initial 
growth of M centers follow the same mechan- 
ism, in which tunneling of an electron from the 
excited F center to another F center leads to 
and F' center and a center in proximity. This 
entity is referred to as The quenching of 
F center fluorescence and the diminished 
ability to form F' centers during the delay 
period are explained by tunneling of the F' 
electron back to the a center in a non- 
radiative process. The initial stage of M center 
formation is attributed to the diffusion of the 
a center to the coupled F' center in a pseudo- 
first order process. The competing photo- 
ionization of F^ by F light leads to separated 
F' and a centers, so that the later stages of M 
center growth probably takes place by the F-a 


process. The higher maximum yield of M 
centers at higher average light intensities 
(i.e. higher R) can be explained by the 
occurrence of such bulk processes in the later 
stage. Although the resonant transfer of 
energy from F* to F centers appears unlikely 
in KCl, short-range resonant transfer from 
F* centers to M centers is favorable at low 
temperatures and accounts for the formation 
of the M center triplet state. 
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APPENDIX A 

Optical lonversion of F venters to M venters hy bulk 
processes 

For conditions where aggregation does not occur, the 
photoequilibrium between F and F' centers induced by 
F light illumination can be explained by competition 
between photoionization of F and F' centers and electron 
capture by F centers and anion vacancies (a centers) 
according to the following scheme [14]: 


F + F* 

F 

F* a + e- 
FFe F' 

+ F* 

F' — ► FFe 

F' Fhvf F-\~e 


h 

k^[F^\ 

k,[e-] [F] 
kAi^ I [ttJ 
kAn 


that decreases at higher F center density. The bimolecular 
decay of the F' band in KCl with a rale constant pro- 
portional to I/[F] was reported by Ikezawa et al.\2t] 
and their analysis leads to an equation similar to (A2) 
except for the unity in the denominator. 

APPENDIX B 

Cakulalion oj M center f^rowth induced by repetitive 
iliumination according to the Fq model 
The general solution of equation (2) is; 

F'jO^Tff.K ‘ll-e ""-'i1 + F;(/.)c-^' V (B!) 

where /, is any initial time, A ^ + Aa, and /C - it + 

(It is convenient in this section to represent the con- 
centrations of Frt and M centers by the symbols them- 
selves). The net yield of Fq during the n'th pulse is 


where it has been postulated that the capture of elec- 
trons by centers leads to the excited F center[25]. 
It IS assumed that the short-lived species F*, and a 
are at steady-state leading to 


F,;(/i/« + T) = T7W-'ll-e + (B2) 

while the F' concentration immediately before the 
(n-i- 1 1'th pulse is; 


[»] [F'l = iUkMk,) 


[nh^r 


(AI) 


where T#. " l/A.i. 

Wc distinguish between two possible mechanisms of 
M center formation: 

(I ) F'-« model F' a M 

(I I ) F-« model F T a 

M^+e 

where the firs! step of (II) is taken to be rate controlling. 
If it is assumed that the formation of W centers does not 
alter (A I) significantly, then the initial rate of M center 
growth for the cases of high and low light intensity are 
given in paragraph one of the Results. 

It is interesting to obtain the F' band lifetime predicted 
by the above model. Taking — ^ and assuming ih'^t e 
and F* remain at steady state during f ' decay leads to 
a complex rate equation. A considerable simplification 
results when A^fF] ^ AJF'l, which should be valid in 
KCl where a high conversion of F centers to F' centers 
is not usually obtained, leading to: 


F:,((n+l)M = F'(/iroT7)e (B3) 


The geometric senes obtained by letting n range from 
0 to is summed to give 


F;,{n/o) = Flfr) 


.n-e 


_ Aril 


(lighten) (B4) 


F;{«f<,+T) = F;(T)-^' ^ 


l -e 


(light off) (B.5) 


where 


F;(r) ^ 7j/,>X ’(l~e n (B6) 

For the experimental case where t^P j can ignore 
the growth of M centers during the pulse, and obtain the 
growth of M centers during the dark period after the n’th 
pulse but before the (nT l)'th pulse by substituting (Bl) 
in equation (2) and integrating: 


-d[F']/dr 


krkAF'V 

Ui+W^lF]/>- + l}’ 


(A2) 


AAf - A/[(fi + l)rJ-Af(m„-HT) 

= A,A-‘F>/., + r)(l”e-**'" (B7) 


Thus, the decay of the F' band should be second order in 
the F' center concentration (in contrast to the first-order 
lifetime of the individual F' center) with a rate constant 


Finally, for sufficient irradiation times that VA/„ P 1 , 
i.e when the time average F'„ concentration is at steady 
stale, (B7) reduces to equation (4) of the text. 
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Abstract - Recent optical studiesf 1, 2] have found that for float-7one crystals, having a relatively low 
oxygen content (less than 10*"cm“^), the ionization energy of the lithium impurity was about 32 meV. 
whereas for pulled-crucible crystals, having a higher oxygen concentration (approximately 10'*'cm *). 
the ionization energy was 39 mcV. Previous measurements by means of Hall effect studies had indi- 
cated that the ionization energy in a pulled crucible sample was about 33 meV which seemed to agree 
with the optical float -zone value. In an attempt to clarify the situation. Hall effect measurements were 
made on pulled-crucible and float-zone silicon samples containing lithium as an impurity, and ioniza- 
tion energies were calculated. It was found that this new Hall effect data seemed to be in agreement 
with the optical data, the ionization energy being 37 meV for the pulled crucible sample and 29-5 meV 
for the float-zone. 


I. INTRODUCTION 

The properties of lithium as an impurity in 
the elemental semiconductor silicon are of 
great interest due to an increasing number of 
electronic devices which use lithium doped 
silicon as a basic material. Optical studies[l, 
2] have recently shown that the interstitial 
lithium impurity exhibits an excitation spec- 
trum which is similar to that exhibited by a 
Group V impurity; however, the energy levels 
of this spectrum are different for float-zone 
and pulled-crucible silicon. The primary differ- 
ence in these two types of silicon is the con- 
centration of oxygen with which the lithium 
is known to interact[3]. Measurements of the 
thermal ionization energy of the lithium im- 
purity in silicon have been made by a group 
from Bell Laboratories [4] on a sample which 
almost certainly contained a large amount of 
oxygen, but the values they obtained agree 
closely with values determined optically for 
material which had a low oxygen content. 
This study deals with a determination of the 
thermal ionization energy of the lithium 


impurity in a float-zone crystal (low oxygen 
content) and a pulled-crucible crystal (high 
oxygen content), and a comparison of these 
values with those determined by the optical 
studies. The thermal data is analyzed taking 
the splitting of the degenerate ground state 
into account. It is found that failure to con- 
sider this splitting can lead to significant errors 
in values for ionization energy as well as 
donor and acceptor concentrations. 

2. DESCRIPTION OF THE EXPERIMENT 

Silicon crystals 

Pulled-crucihle crystal. Silicon crystals 
grown by the Czochralski or pulled-crucible 
method typically have on the order of 10^^ 
atoms/cm’^ of oxygen as an impurity. Kaiser 
and Keck [5] have given values of the absorp- 
tion coefficient at the nine micron band as a 
function of oxygen concentration. Using their 
values, the oxygen content of the pulled- 
crucible sample used in these tests was 5 x 10'* 
atoms/cml The major active impurity prior to 
doping was boron. The sample resistivity 
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measured on a four-point probe was approxi- 
mately 500011 -cm, indicating an acceptor 
concentration of approximately lO^^cm'^ 
The major inert impurity is believed to be 
carbon having a concentration of a few parts 
per million. 

Float’zone crystal. Float-zone refined 
silicon crystals have much lower oxygen con- 
centration than the pulled-crucible crystal. 
The oxygen content of the float-zone sample 
used in these tests was not delectable by i.r. 
techniques and thus has an upper limit of 
10'^/cni'’[5]. Also, there were probably a few 
parts per million of carbon present. 

Doping procedure. The samples were doped 
using essentially the same technique used by 
Aggarwal et aL[l]. Silicon wafers were coated 
with a commercially available suspension of 
lithium in mineral oil. The wafers were then 
heated for 2 hr in a helium environment at 
20()°C to drive oflF the oil. The temperature 
was raised to 400°C and held for 30 min to 
drive the lithium into the silicon crystal. The 
wafers were then removed from the furnace 
and the excess lithium cleaned off before 
being heated in a helium environment at 
600°C for 2 hr to assure a homogeneous 
distribution of the lithium and anneal any 
'thermal conversion' of the type described by 
Fuller and Logan[6], 

Hall measurements 

Sample preparation[7]. Standard 'bridge- 
shaped' samples were cut from the doped 
silicon wafers with an ultrasonic impact 
grinder. Surface contaminants were removed 
by etching the samples in CP-4 (a mixture of 
hydrofluoric, nitric, and acetic acid). The tabs 
were then sandblasted and plated with nickel 
by an eleclrodeless process. A tesla coil was 
used on each tab to aid in removing any recti- 
fying contacts which may have been present. 
Indium solder was used to connect the sample 
to the measuring circuitry of the cryostat. 

Measuring system. The cryostat was similar 
in design to that described in reference [8], 
using liquid helium as a coolant and gaseous 


helium in the sample chamber as an exchange 
gas to insure uniform temperatures. Tempera- 
tures below I00°K were measured by a ger- 
manium resistance thermometer, while 
temperatures greater than lOO^K were 
measured by a copper-constantan thermo- 
couple. All voltages were measured on a 
precision digital voltmeter except those 
instances where the circuit resistance became 
comparable to the resistance of the voltmeter. 
In these cases an electrometer was used. The 
magnet provided a uniform field of 4000 G 
over the entire sample for all Hall measure- 
ments. 

At each temperature a series of four 
measurements was taken, reversing the 
electric and magnetic field in all possible 
combinations to minimize errors due to 
misalignment of the Hall probes and other 
galvanomagnetic and thermomagnetic effects 
[9]. 

Calculations 

Hall coefficient. In order to calculate the 
Hall coefficient, R}i, from the measured 
quantities: i.e. F//, W, /; the Hall voltage, 
magnitude of the magnetic field and current 
through the sample, respectively, as well as /, 
the thickness of the sample, the equation 

{V,tlHl)x\0^ ( 1 ) 

was used[10]. Values for the electron con- 
centration in the conduction band, n, were 
determined from the equation 

n^{\lR,e}. (2) 

For temperatures less than about 100°K, 
Long and Myers have shown that ionized 
impurity scattering is important and that the 
proportionality term between and n is a 
complex function of temperature and concen- 
tration(nj. Since the proportionality term 
is never too different from unity, it is assumed 
to be I ‘0 for all calculations in this paper. 

Ionization energy. Kohn and Luttinger have 
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calculated the type of energy level scheme 
which a substitutional donor impurity would 
be expected to have, taking into account the 
known structure of the bottom edge of the 
conduction band[12, 13]. Since the wave 
function for the effective mass ground state 
was constructed from the Bloch functions of 
the six equivalent minima of the conduction 
band, it would be six-fold degenerate. Since 
the theoretical values for the effective mass 
ground state energy level did not agree with 
the experimental value for the ionization 
energy of various donor impurities, but the 
predicted levels for the various excited states 
agreed closely with the experimental i.r. data, 
Kohn and Luttinger pointed out that the effec- 
tive mass theory was not applicable in the 
region rather close to the donor ion due to the 
failure of some of the assumptions, mainly, the 
form of the potential. However, calculations 
of the so-called valley-orbit splitting[13] show 
that the six-fold degenerate ground state is 
split into three levels with degeneracies of 
I, 2 and 3. 1'he singlet state has the lowest 
energy for a group V impurity and calculations 
considering the valley-orbit splitting give 
ionization energies that agree very well with 
the experimental values [14], The doublet and 
triplet states are relatively close in energy and 
can normally be considered to be equivalent 
to a five-fold degenerate level, close to the 
predicted value for the effective mass ground 
state energy. 

Using an energy level structure similar to 
that of Kohn and Luttinger, the distribution of 
electrons among all the states of the conduc- 
tion band and any compensating impurities in 
n type silicon is given by the statistical 
equation[l 1]: 

N,-N,-rr 

2>15xmr‘'^c\p{-EJkT) 


I T 5 exp (^|kT ) + 2 g, exp (A, /AT ) 

( 3 ) 


The factor 2-75 X 10*^ is the effective density 
of states in the conduction band, is the 
energy separation between the singlet ground 
state and the conduction band and gi is the 
degeneracy of the /th excited electronic state. 

Err,- and A, = E, - E^ where and 
Ei is the energy separating the conduction 
band from the five-fold degenerate ground 
state and the /th excited state respectively. 

A| will always be less than zero and if A is 
also less than zero, as it generally will be, 
then an expression for E^ can be obtained 
from equation (3) such that 

E - ^ 

" i/T'.j-i/r, 


l + 5exp(AMr,) 
"l + 5exp(A/AT2) 


(4) 


where the subscripts I and 2 correspond to 
experimental values at temperatures where 
n Nf,. Using values of N,, determined from 
the low temperature equation 


Nri-Nr,2-15xW^r>-cxp {-E,lkT) 
n I+5exp(A/A7') 

i5) 

Long and Myers[15] determined the optimum 
value of A to give a best fit of equation (3) to 
experimental Hall data which they had 
obtained. They found A to be between minus 
9-12 me V for phosphorous. Aggrawal and 
Ramdas[16] later made optical measurements 
of the splitting which agree very well with the 
thermal data, being - 1 1*85 me V. (Aggarwal 
found that the doublet and triplet state in 
phosphorous were split by l-35meV, the 
triplet Slate having the lowest energy.) 

The data presented in this paper were 
analyzed by means of a computer program 
which fitted equation (3) to the experimental 
data by the method of least squares with 
respect to the three parameters N^, /V„ and 
Erf. Comparison of values calculated using 
equations (4) and (5 ) and values calculated by 
the computer program for phosphorous data 
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showed very good agreement (differences 
around 0-5 per cent for and 5 per cent for 
Nrt). These calculations also showed that 
consideration of the excited states other than 
the upper 15 states made essentially no differ- 
ence in the results. Appropriate values of A 
are a required input of the program and were 
obtained from the literature. 

3. RESULTS AND DISCUSSION 
Pulled-crucible sample 
Figure I presents a plot of the carrier 
concentration as a function of temperature for 
the pulled-crucible sample. (This impurity has 
been previously identified as LiO[K21.) The 
curve in the figure corresponds to the values 



Pig. L Carrier concentration as a function of temperature 
for LiO impurity 

predicted by the computer program using 
A = ““T*? meV[2]. The values for Ed, Na and 
Nd from the computer program were 37*3 
meV, 2*17x and 3‘74X 


respectively, The values for Nd agree with 
values of n in the region where nearly all 
uncompensated donors are ionized, viz. 
3-67 X 10^^ cm"^ and is in agreement with 
the acceptor concentration prior to doping 
(2-6 X 10^^ cm'^). The value for the ionization 
energy is slightly lower than the optical value 
of 39meV[l], but seems to agree with the 
optical value much better than the thermal 
value of 33 meV reported by Morin ei aL[4\. 
Using the values obtained from the computer 
program for Nd, N^ and Ed, Fig. 2 shows the 
effect which consideration of the upper ground 
state has on the fit of the curve to the experi- 
mental data. The curve labeled A = ~«> is 
simply equation (3), neglecting all terms 



Pig. 2. Effect of consideration of upper level ground slate 
for LiO data, 


except unity in the denominator on the right 
hand side, whereas the curve labeled A = 
— 7*7 meV is equation (3), neglecting the 
summation terms. It is apparent that the upper 
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level of the ground state affects the shape of 
the curve over an intermediate temperature 
range. 

The difference between the present thermal 
value for the ionization energy and the optical 
value, as well as the difference in the present 
and previous thermal value can, at least 
partially, be explained by a consideration of 
the excited impurity states. Kohn commented 
about the difference in thermal and optical 
values for ionization energy but offered no 
explanation[l3]. Various papers have noted a 
difference in thermal ionization energy as a 
function of concentration [10, 17]. This depen- 
dency of Efi upon concentration appears to be 
fairly well explained by the model proposed by 
Erginsoy[18] and elaborated somewhat by 
Ba!tensperger[19] in which the excited 
impurity states form bands which overlap 
with the conduction band, effectively lowering 
the conduction band edge. An increase in 
concentration would result in more overlap 
for a lower excited state; thus, the conduction 
band would be lowered even further. It is 
believed that this model could also aid in 
explaining the differences between optical and 
thermal values. The optical value for Ed is 
determined by adding the value calculated by 
effective mass theory for the depth of an 
excited state to the optically determined value 
for a transition from the ground state to the 
excited state[13]. The excited state used is 
generally the 3p±[l, 2]. The effect of the over- 
lap of the higher order states would not be 
seen except in the disappearance of such states 
as the 6/7+. 5/?+. 4/;.. and so forth, from the 
optical spectra as the concentration is in- 
creased. Eventually, the 3/7+ peak would itself 
disappear; however, before this point is 
reached, the number of free carriers still in the 
conduction band even at these lower tempera- 
tures is usually such that for a reasonably 
thick sample, most of the i.r. radiation is 
absorbed by the sample, and resolution of the 
absorption peaks becomes very difficult. 
Therefore, other than for some concentration 
broadening of the peaks, the optical ionization 


energy would generally be unchanged for 
different impurity concentrations. Thus, it 
seems that this model would partly explain the 
discrepancy between the thermal value 
obtained here and optical values. Another 
possibility for the difference in thermal and 
optical values of lithium in silicon could be 
occupation by electrons of energy levels close 
to that identified as a LiO state but having a 
slightly higher energy. Gilmer, Franks and 
Bell identified six donor-like series of spectra 
in a sample similar to the one in this paper[l]. 
If these were possible electron stales, their 
energies could not be separated by Hall 
measurements, and the ionization energy 
deduced from the Hall data would be a 
weighted average of the energy of each of 
these stales. Since they would have a lower 
ionization energy than the primary state at 
39meV. the resultant thermal ionization 
energy would be smaller. 

Float-zone sample 

The carrier concentration as a function of 
temperature for the float-zone sample is 
presented in Fig. 3. (This impurity has been 
identified as an isolated lithium atom[l,2].) 
The solid line corresponds to the fitted curve 
from the computer program using A= 1-6 
meV[2]. Calculated values of and N„^ere 
1*08 X lO'^cm'^ and 7*4x I0''‘cm"^ respec- 
tively, which compare quite well with the 
experimentally determined values of 9*9 x 10**^ 
cm“'‘ and 10'^ cm"^ for and The value 
for the energy separation between the 
singlet ground stale and the conduction band, 
was 27-9 meV. The curve in Fig. 3 was 
calculated using the structure of the ground 
state which Aggarwal et ai used to explain 
their optical data. In this model the energy 
separation between the five-fold degenerate 
ground state and the conduction band is 
greater than the energy separation between the 
singlet ground state and the conduction band; 
therefore, the ionization energy in this case 
would be or 29-5 meV. from the relation- 
ship (This ‘anomalous’ ground 
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Lig } C arner conceninuion as a funclion of temperature 
for Li (mpunty. 

state structure could be due to the interstitial 
location of lithium.) This value of 29-5meV 
seems to be comparable to the optical value ot 
32meV[l,2j, particularly in view of the 
relatively high impurity concentration of this 
sample. The agreement between the calculated 
values and the experimental data using the 
model proposed by Aggarwal et al. seems to 
imply that their description of the ground state 
structure is adequate for this type of study. 

Consideration of the degenerate ground 
state is essential in the analysis of the lithium 
data. Failure to consider this degeneracy 
results in errors for the values obtained by the 
computer program for and N,,, and a 

resultant poor fit of predicted to measured 
values of Figure 4 presents a plot of the 
carrier concentration as a function of tempera- 
ture where the solid line represents the least 
square fit considering only a singlet ground 
stale. Values for N,} and N(, were 25-9 
meV. 5-7X and 1*7 x 

respectively. Thus neglecting the degeneracy 
gives a value of Na that is in error by about a 



Lig. 4. Carrier conceniralion as a function of temperature 
for Li impurity neglecting ground state degeneracy 


factor of 2, and A/„ that is an order of magni- 
tude higher than it should be compared to 
predope resistivity measurements, and an 
ionization energy that is too small by about 
12 percent. 

4. CONCLUDING REMARKS 
Measurements of the thermal ionization 
energy of lithium impurities in single-crystal 
silicon by means of the Hall effect have shown 
that the ionization energy is a function of the 
oxygen concentration in the silicon. Values 
determined were 29-5 meV for a float-zone 
crystal (believed to have about 10’* oxygen 
atoms per cm'') and 37'3 meV for a pulled- 
crucible crystal (having about 5 x 10” oxygen 
atoms per cm” by i.r. measurements) which 
tend to agree with values previously deter- 
mined optically. These measurements also 
showed the importance of considering the 
degeneracy of the ground state in calculating 
the ionization energy, particularly in the 
float-zone crystals where the splitting of the 
ground state is relatively small. The ground 
state structure proposed by Aggarwal et al.. 
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wherein the five-fold degenerate slate has a 
lower energy than the singlet state, seems to 
adequately describe the data. 
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Abstract -The pressure dependence of the ferroelectric transition temperature for KDjPO* and for 
K(L)o r.r,H„ <- 5 )zP 04 has been measured to 10 kbar. The dependence in both cases was linear, with slopes 
of -2-40±00J”K/kbar and ~2'93±00rK/kbar respectively. Measurements on ND^D^PO^ and 
NH 4 H 2 PO 4 over a smaller pressure range gave linear fits with slopes of -I 43 1 0 t)4°K/kbar and 
- 3*39 ± 0 06°K/kbar respectively. The results were obtained by neutron diffraction wherein the transi- 
tion was detected by the sharp decrease of extinction effects on iKuislormmg to the low temperature 
phase. The present results on KDP are consistent with previous neutron diffraction measurements 
utilizing samples with 0 per cent and approx. 90 per cent deuteration. The values for dTJdP are 
found to be approximately TK/kbar less negative than those determined from dielectric constant 
measurements. 


1. INTRODUCTION 

KH 2 PO 4 (abbreviated as KDP) is a well- 
known ferroelectric prototype. The impor- 
tance of the role of the hydrogen bonds in 
explaining the ferroelectric mechanism in 
KDP-lype crystals is evident from the large 
shift in transition temperature which occurs 
upon substitution of deuterium for hydrogen 
[ 1 ]. More recently, the effect of pressure on 
the transition temperature has also indicated 
differences due to deuteration [2-4]. The 
pressure dependence is observed to be 
linear but with a slope dependent upon the 
deuteration level. 

The structure of KDP has been determined 
by both X-rays [5] and neutron diffraction [ 6 ] 
in both the paraelectric and ferroelectric 
phases. The important structural feature of 
both phases is the network of hydrogen bonds 
which links each phosphate group to neigh- 
boring phosphate groups in a tetrahedral 


*Work performed under ihe auspices of the U.S. 
Atomic Energy Commission and the National Science 
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array. Similar hydrogen bonding of phos- 
phate groups has been verified for the case 
of NH 4 H. 2 PO 4 {abbreviated to ADP)[71, in 
which the transformation at low temperature 
is to an antiferroelectric phase. 

The length of the 0-H . . . O bond is rather 
critical in determining the positioning of the H 
atom [ 8 ]. If the bond is longer than about 
2-55 A, a double-well potential exists along 
the bond with a central barrier of sufficient 
height to effectively lock the hydrogen into 
one well. For a very short bond, a symmetric 
single well results. In the region of inter- 
mediate bond length, as is the case for K DP- 
type crystals, the nature of the bond can be 
either an anharmonic single well or a double 
well with low barrier. The neutron diffrac- 
tion results on paraelectric KDP indicate that 
the hydrogen atom is either statistically 
disordered, and located in the minima of a 
double potential, or that the hydrogen is 
making large vibrations about the bond 
center [ 6 ]. Nuclear magnetic resonance 
measurements have been able to prove the 
latter and that either a “hopping in an 
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anharmonic single well or a true tunneling 
through a low barrier is occurring [9]. 

Apart from the initial success of Pirenne[10] 
with a model utilizing a square-well potential 
along the bond (an extreme case of an anhar- 
monic single well), it appears that most sub- 
sequent theories have centered on the 
tunneling modelfll]. In that context, recent 
theoretical estimates of the change in transi- 
tion temperature with pressure based on a 
tunneling mode agree within 30 percent of the 
observed dependence[l2, 13]. More impor- 
tant, the effect on the slope caused by the 
deuteration level is also predicted. 

The measurements of T^^iP) by neutron 
diffraction [2] in KDP and in a 90 per cent 
deuteraled isomorph display different slopes 
than dielectric constant measurements of 
J'o(P)[3, 4]. The difference appears to be 
systematic with dTJdP about ]®K/kbar less 
negative than dTJiP. The present results 
confirm the previous neutron diffraction 
measurements on KDP and also indicate a 
similar dependence of the antiferroelcclric 
transition temperature (Tv) in ADP and its 
deuterated isomorph. 

2. SAMPI.E AND APPARATUS 

The samples were 10 mm long and 1 mm 
in dia. with an u-axis parallel to the rod axis. 
The sample was mounted in an unconstrained 
manner in a maraged-steel high-pressure cell 
as indicated in Fig. 1. The cell was fastened 
to the temperature-controlled base of a helium 
cryostat, and the temperature was measured 
to ±0 05°K with a platinum resistance thermo- 
meter implanted in the copper control block. 
Pressure was applied to the cell through 
1/16 in. O.D. high-pressure tubing which was 
thermally grounded to the radiation shield. 
Helium gas was used as the pressure-trans- 
mitting medium in a system using a diaphragm- 
type compressor up to 2 kbar and a pressure 
intensifier from 2 to lOkban In order to 
check for possible effects due to diffusion 
of He into the sample, the transition tempera- 
ture of K(Do 5 .^H,). 45 ).^P 04 was measured also 



Kig. I, High pressure cell for neutron diffraction measure- 
ments up to JO kbar. An additional shield at ITK and a 
vacuum jacket are not depicted. 

at 3*5 kbar with argon as the transmitting 
medium. No difference with the He result was 
observed. 

The pressure of the system was measured 
with a maganin gauge calibrated to 7 kbar 
with a bourdon gauge. The calibration was 
linear to within 200 psi over this range and 
it was estimated that an extrapolation to 
10 kbar would be precise to at least 0-5%. 
The gauge calibration also agreed to 0*2 
per cent with a similarly constructed gauge 
fashioned from the same spool of wire which 
was calibrated against the freezing point of 
mercury at 0°C. The accuracy would appear 
to be better than ±1 per cent. 

The deuteration percentages of the samples 
are indicated in Table 1. The values are those 
specified by the supplier [14] and have been 
determined by NMR for the ADP and by 
destructive distillation for the KDP. The 
accuracy of these values after the samples 
have been stored and handled must be in- 
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Table I 


% Deuieralion 

^ f . 

dT, 

— TK/kbar) 

Method 


KDP 


0 

122 

^ 52±0-06 

Neutrons (2] 


120-8 

-5-7 


0 

120 0 

-5-5 

Dielectric consinntsl3] 


120-4 

-5-7 


551 ±0-5 

1830 

-2-93 ±001 

Neutrons, this work 

-90 

213 

-2-63 ±0 05 

Neulrons[2] 

-90 

208 

-3-9 ±0-2 

Dielectric constant [4] 

99-0 ±0-5 

220-6 

“2 40±0 01 

Neutrons, this work 


ADP 


0 

151-2 

-3 39 + 0 06 

Neutrons, this work 

99-0 ±0-2 

235-1 

-I^IOM 

Neutrons, this work 


ferred by the measured transition tempera- 
ture at zero pressure. A possible decrease 
in deuteration could occur due to the small 
size of the samples. In the case of the 99 per 
cent deuterated samples, a comparison of the 
transition temperature at I bar can be made 
with values obtained by other investigators. 
The value for 99 per cent deuterated KDP 
observed here was 220-6 ±0*2°K which com- 
pares excellently with the value of222±rK 
obtained by Sliker and Burlage[15]. The 
value for 99 per cent deuterated ADP is 
235-1 ±0-2°K which is 7°K lower than the 
value of Mason and Matthias [16] obtained 
by measuring the discontinuous change of 
the dielectric constant. Another recently 
reported value of 240°K for a 96 per cent 
deuterated sample [17] is in agreement with 
the value of Mason and Matthias. While it 
appears that our sample would have lost 
some 7 per cent of its deuteration, a check of 
two other large crystals (--1 cm^) deuterated 
to 99 per cent (also obtained from Isomet 
Corporation) gave transition temperatures 
of234 0±0-5°K and 234-0±0-3°K. The source 
of discrepancy would appear, therefore, not 
to be due to improper handling. Table I also 
correctly identifies a KDP sample inferred to 
be 100 per cent deuterated by Umebayashi 
et al. as nominally 90 per cent deuterated [ 1 8]. 

The transition in ADP has the nature of 
shattering a single crystal into a multitude 


of crystallites [7]. In order to keep the 
crystallites from falling apart, the sample 
was coated with flexible collodion before 
mounting in the sample cell. This precaution 
permitted the measurement of the 7^^P) 
with one sample. Collodion was not applied 
to the two large crystals whose transition 
temperature was measured; the clamping 
of the collodion was therefore minimal. 

3. METHOD AND RESULTS 

The measurements were made on a double- 
axis spectrometer at the Brookhaven High 
Flux Beam Reactor. The method consisted 
of monitoring the peak intensity of a Bragg 
reflection as the temperature was changed at 
constant pressure. Passage through the 
transition was accompanied by a sharp change 
in intensity. The increase in intensity in the 
low temperature phase is attributed to a 
reduction of extinction as a consequence of 
structural change; the crystals are now com- 
posed of oppositely polarized domains. A 
typical measurement is shown in Fig. 2. 

The temperature was changed continuously 
at a constant rale. The massive pressure cell 
and temperature shield effected a temperature 
difference between the thermometer and the 
sample. Corrections to zero-rate were made 
to all data; i.e. the temperature indicated in 
Fig. 2 should be decreased by 0*20°K. In 
addition, all points on the KDP samples were 
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I ig. 2. Heating delerminiuion of 7; for KDgPO^ at 1 bar The 
intensity of the t004) Bragg peak is shown. 



Fig. 3. Transition temperature vs. pressure for NH 4 H 2 p 04 
and ND^D^PO^. 


measured by heating and cooling curves; the 
corrected transition temperatures agreed to 
within 0*l°K. This latter check was not 
possible on the ADP samples due to a 
hysteresis of However, the ADP 


points were obtained at approximately the 
same cooling rate to minimize the error in 
dTjdP. 

The results of the measurements on the two 
samples of ADP are depicted in Fig. 3 and 
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summarized in Table I. We have included 
only the points obtained upon cooling. As 
the phase change is of first order in ADP, 
and since the crystal is grown in an unstrained 
state in the paraelectric phase, the cooling 
curve is felt to be a more reliable measure of 
the effects of pressure on 7y. The measure- 
ments on the KDP samples are shown in 
Fig. 4 and summarized in Table 1 . 

4. DISCUSSION 

An interpretation of the negative slope for 
dTjdF by Umebayashi et al.\2] was based 
qualitatively on a tunneling mode. Novakovic 
[ 1 2] utilized a molecular field model incorpora- 
ting the tunneling mode to calculate dTjdF, 
obtaining — 3-13^K/kbar for KH^P04 and 
-l'89°K/kbar for KD2PO4. A similar cal- 
culation by Blinc and Zeks[13] evaluated for 


a four-particle cluster approximation gave 
values of -4*70°K/kbar for KH2PO4 and 
-3*36°K/kbar for KD2PO4. The theoretical 
results assume two harmonic oscillator 
potential wells for the potential. The agree- 
ment with experiment is within 30 per cent, 
and the predicted less negative slope for the 
deuterated sample is observed. It would 
appear that the slope of dTJdP vs. deutera- 
tion could be fitted by an adjustment of the 
bond potential barrier. 

The variation of the transition temperature 
with pressure is found to be linear up to 
lOkbar for KD,P04 and K(D,,,H„ ,,),P04. 
The linear behavior has been previously noted 
for KH^PO^ and K(Do<,Ho,)2P04[2-4J. All 
results are listed in Table 1 and shown in 
Fig. 5, where the lines are drawn as an aid 
to- the eye in connecting the points. From 



Fig 4. Transition temperature vs. pressure for KD..PO| 
and K(DoftftHo 
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Fig. 5, dT/dF for KDP and A DP vs. relative deuteration. Lines 
have been drawn through the points as an aid to the eye. 


Fig. 5 , it is apparent that the results of the 
neutron diffraction experiments are in dis- 
agreement with the results utilizing dielectric 
constant measurements. The dielectric 
constant measurements give dTJdP where 

An extrapolation of I /e to zero gives the value 
f,). If, instead, Tr is taken as the point where 
the dielectric constant is a maximum, Samara 
finds no significant difference between 
dT,ldPdnddTjdP[\9l 
The source of the discrepancy is not 
apparent. As the crystals are grown from 
solution near room temperature, sample 
purity would not appear to be paramount. 
The effect may be due to some slight con- 
straining of the sample in the dielectric 
constant measuring apparatus or due to 


measurements being made with the application 
of a field. 

NH4H2P04 and ND4D2PO4 are also found 
to have negative values of dTv/d/^, with the 
deuterated sample again giving a less negative 
slope. The results are listed in Table 1 and 
plotted in Fig. 5 . The values of dTjdP are 
of the same magnitude as for the KDP 
samples and the change of dTsIdP with 
deuteration level is similar. This is probably 
indicative of the similarity of the bond 
potential along 0 -H , . . O. Though the 
0 -H . . . O bond may be similar in KDP and 
A DP, an explanation of the resultant anti- 
ferroelectric state will probably necessitate 
consideration of the N-H . . . O bond. 


~Mlc would like to acknowledge the 
help of H. Umebayashi in the early .stages of this work 
and the technical help of W. Lenz in constructing the 
high pressure apparatus. 
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Abslract-Thc tracer-sectioning technique was used to study the diffusion of aurous ion in silver 
chloride. Above 260''C, the diffusion proceeds interslitially with an activation energy of 0-47 eV. When 
the diffusion anneal was carried out in an external chlorine atmosphere, the diffusion coethcieni was 
depressed This behavior is explained in terms of ihe effect of chlorine on the cation vacancy concen- 
tration, and agrees quantitatively with results obtained from optical absorption studies by Ulrici, 
Koswig and Stasiw. Analysis of the data yields 0-62 cV for the heal of the reaction K 1^ ^ CC + cation 
vacancy Thole. 


INTRODUCTION 

Comparison of ionic conductivity with self- 
diffusion measurements of silver and halide 
ions in the silver halides [1,2] has yielded 
information on the mechanism of mass trans- 
port. One finds that of the two ions, the silver 
is much more mobile and that its diffusion 
proceeds predominantly by the inlerstitialcy 
mechanism. 

Only two monovalent cationic impurities, 
copper [3] and sodium [4], have so far been 
examined. Copper diffuses inlerstitially in 
both silver chloride and silver bromide. In 
contrast, sodium diffu.ses in silver chloride by 
a vacancy mechanism; also the Arrhenius plot 
shows a slight upturn at about 300°C which is 
attributed to the ‘extra” increase in the 
intrinsic Frenkel disorder at higher tem- 
peratures. 

For the diffusion of divalent cations in the 
silver halides the Arrhenius plots are either 
linear over the entire temperature range 
(strontium[5] and ca!cium[6]) or curved, with 
a break at about 320^C (manganese [7] and 


■^Work bupponed by the U.S. Atomic Energy Commis- 
bion (Contract AT-(40-l)-2036) and the Advanced Re- 
search Projects Agency (Contract SD- 100) 
tNow at the Department of Physics, Clemson Uni- 
versity, Clemson, S. C. 2963 1 , U.S. A. 


cadmium [8J). It has been sugges(ed[7] that 
the outer electronic configuration of the dif- 
fusing ion determines the nature of the 
Arrhenius plot. Ions with outer c/-shell elec- 
trons may diffuse by a combination of vacancy 
and interstitial mechanisms, whereas those 
with no outer (/-electrons are likely to diffuse 
only by a vacancy mechanism. 

Previous diffusion measurements in the 
silver halides have all been carried oui in a 
vacuum or in an inert atmosphere, with the 
exception of one measurement by Tannhauser 
[2J. He found that at 35 IT the diffasion of 
bromide in silver bromide is unaffected by a 
bromine atmosphere of approximately 60 Torn 
Other workers, however, have found that the 
presence of halogen at higher pressures does 
measurably affect some of the physical 
properties of the silver and alkali halides For 
example, near the intrinsic-extrinsic break- 
point temperature, Muller[9] notices a slight 
increase in the ionic conductivity of pure 
silver chloride under a chlorine atmosphere 
and a rather large increase for silver bromide 
under a bromine atmosphere. The ionic 
conductivity of potassium iodide was found 
by Forbes and Lynch [10] to be enhanced 
when additively colored with iodine. These 
results are consistent with the idea that 
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each adsorbed halogen molecule introduces 
two cation vacancies and two holes in the 
crystal. In support of this, Ulrici, Koswig and 
Stasiw[ll] have observed that when silver 
chloride is placed in chlorine at temperatures 
above 20()T, there appears a new optical 
absorption, which they attributed to free holes. 
In addition, it has been shown that silver 
bromide exposed to bromine vapor exhibits 
hole conduction [1 2]. In view of these facts, 
it seems probable that an external halogen 
atmosphere of sufficiently high pressure 
should affect diffusion measurements in the 
silver halides. The results of a study of gold 
diffusion in silver chloride, both in primarily 
inert and in chlorine atmospheres, are 
reported here. 

EXPERIMKNTAI. AND RESULTS 

The experimental procedures have been 
described in detail elsewhere! 1 3]. Right 
parallelepiped single crystal specimens of 
Harshaw silver chloride were used in this 
work. High-specific activity was 

obtained from Nuclear Science and Engineer- 
ing Corporation and a thin layer, no more than 
20 A in thickness, was deposited on each 
specimen, thus satisfying the boundary con- 
dition for the thin-film solution to the diffusion 
equation. 

Specific to this particular experiment was 
the problem of loss of mobile tracer, either by 
evaporation of AuCl.j or as a result of its 
decomposition to form immobile gold metal. 
Evaporation was minimized by surrounding 
the specimen by a gas, usually a mixture of 
helium and chlorine, and in some cases by also 
wrapping the crystal in silver foil. The 
function of the chlorine in the ambient atmos- 
phere was to inhibit decomposition, although, 
as will be seen, at pressures of the order of 
one atmosphere chlorine was found to have 
more profound effects. 

Each of the plated specimens was annealed 
for one hour, this unusually short period 
being imposed by the very large diffusion 
coefficient. The annealing temperature was 


measured frequently by a chromel-alume) 
thermocouple placed within the furnace cavity, 
just outside the encapsulated specimen. 
Warm-up corrections, which are appreciable 
for such short diffusion times, were applied. 
The determination of the diffusivily followed 
the standard microtome sectioning technique 
and tracer assay. 

In very short runs such as these, the prin- 
cipal error is in the measurement of the instan- 
taneous diffusion temperature, since when the 
sample is warming up the specimen and 
thermocouple are not at exactly the same 
temperature. In a calibrating experiment, this 
lime-dependent temperature difference be- 
tween the monitoring thermocouple and the 
specimen was determined. The effective 
annealing temperatures are believed to be 
correct to within 2T, and the diffusion 
coefficients in error by no more than 10 per 
cent. 

Figure 1 shows three plots for the tempera- 
ture dependence of the diffusion coefficient of 



Fig 1 Airhenius plots for the diffusion of Au^ in AgCl. 
Plot 1 shows results obtained with an ambient atmosphere 
of I lorr. of chlorine and 400Torr. of helium The three 
low temperature points enclosed in parentheses are only 
roughly approximate, because of extensive surface hold- 
up of activity Plots 1 1 and 111 were obtained using speci- 
mens wrapped in silver foil, and annealed in 0-7 and 2 atm 
of chlorine, respectively. 
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gold in silver chloride under different annealing 
atmospheres. The conditions of anneal and the 
corresponding results are given as follows. 

(i) Diffusion in a mixture of \ Ton. chlorine 
and 400 Torr. helium 

For these runs, the active face of the 
encapsulated specimen rested on a quartz 
disc. The diffusion penetration profiles ob- 
tained above 260^*0 were very good 
Gaussians, as expected from the boundary 
conditions, and the resulting values of the 
diffusion coefficient D are given in Table 1 
and are shown as curve I of Fig. 1. Below 
260°C, however, though still well within the 
intrinsic conductivity range, the original 
activity was largely blocked at the specimen 
surface and only an insignificant amount 
seemed to have penetrated. It appears un- 
likely that the solubility of AuCIs in silver 
chloride is only infinitesimally small at these 
temperatures. The blocking, however, may 
have been due to decomposition of AuClj, 
which could become increasingly important at 
lower temperatures if the activation energy for 
the decomposition reaction were much less 
than that for solution. The fact that the activity 
could be readily washed off almost completely 
from the surface by aqua regia, but not by 
water or methyl alcohol, lends support to this 
view. The values of D at these low tempera- 
tures, calculated from the few points in the 
tails of the penetration profiles are also in- 
cluded, with parentheses, in curve I. These 

Table I. Diffusion of Au^ in 
stoichiometric AgCI 


l empcrature Diffusion coefficient 


(T) 

(cm^/scc) 

442'2 

2 02X 10 « 

414-2 

I lO * 

.180-0 

114X 10 « 

.1.1.1 1 

8-35 X 10 ’ 

.120-4 

5'36X 10-7 

.106-2 

4 09 X 10 7 

279-1 

211 X 10-7 

261-9 

L60X 10 7 


low-tcmperature diffusion coefficienls are not 
at ail reliable but it seems that they lie below 
the Arrhenius plot extrapolated from the 
higher temperatures, presumably an effect of 
the blocking. 

The data in curve I above 260°C presumably 
represent the intrinsic diffusion of aurous ion 
Au\ in AgCI. They are described by the 
following Arrhenius relation iD in cm^/sec): 

D - 5-0 X 10 -^ exp {-0'47 eVMT). ( 1 ) 

(ii) Diffusion under moderate pressure of 
chlorine 

In the diffusion measurements represented 
by plot II of Fig. 1, the specimens, each with 
its active face against a quartz disc, were 
wrapped in silver foil. They were then 
encapsulated in approximately 0-7 atm of 
chlorine; it seems reasonable, however, to 
assume that much of the chlorine reacted with 
the silver foil, particularly at the higher 
temperatures, so that the effective chlorine 
pressure is less and also uncertain. Generally, 
the high temperature penetration profiles 
were good Gaussians. The low temperature 
plots exhibited a slight upturn in a small region 
near the specimen surface, possibly caused by 
slight decomposition or the evaporation of 
some of the tracer and its subsequent return 
into the crystal at later limes. The major 
portion of each of these plots, however, 
defined the diffusion coefficient quite sharply. 

The Arrhenius plot II consists of two 
approximately linear segments with a break at 
about 300T. Above 300°C the data may be 
represented by equation (I). Below 300°C, 
one finds, approximately {D in cm^/sec): 

D=14exp(-0‘87eV/itr) (2| 

(iii) Diffusion under hi^h chlorine pressure 

The annealing conditions for the Arrhenius 

plot 1 1 1 were the same as in (ii) except that the 
specimens were scaled in about 2 atm of 
chlorine. (During the encapsulation, the chlor- 
ine was frozen by immersion of the specimen 
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tube in liquid nitrogen). The penetration 
profiles for these runs were similar to those 
obtained in (ii). The Arrhenius plot here also 
is comprised of two segments, both lying 
below those of plot II, with the breakpoint 
occurring at a somewhat higher temperature, 
340T. Above the breakpoint, the activation 
energy is, within experimental error, approxi- 
mately equal to that of curve I, although the 
diffusivities themselves appear to be slightly 
lower. Below the breakpoint, the curve 
parallels the low-temperature segment of 
curve II. 

DISCUSSION 

( 1 ) Diffusion in primarily inert atmosphere 

The data shown in Fig. 1 as curve I would 
appear to represent the intrinsic diffusion of 
Au* in AgCl, the very low chlorine pressure 
of 1 Torr. presumably having no measurable 
effect on the diffusivity . Equation ( 1 ) gives the 
activation energy E to be 0-47 eV and the 
frequency factor Do = .VO x 10“^ cm^/sec. 
These low values of E and Dq are typical of 
interstitial diffusion. For example, the only 
other monovalent impurity known to diffuse 
interstitially in AgCl is copper[3], for which E 
and Do have been found to be 0-40 eV and 
9*8 X 10'^ cm^/sec, respectively. 

One can evaluate the components of E and 
Do by application of the mass action law to the 
reaction: substitutional gold ion interstitial 
gold ion -f cation vacancy [3], where Gi is the 
Gibbs free energy of the reaction. Thus, if the 
fraction, X/, of the gold ions in interstitial sites 
is much less than unity, so that the concen- 
tration of substitutional gold ions is essentially 
independent of jr,, we have 

x^x^, = exp [—GJkT] (4) 

where x^, is the fractional concentration of 
cation vacancies. If, in addition, the tempera- 
ture is sufficiently high and the gold concentra- 
tion sufficiently low that the intrinsic 
concentration of cation vacancies is much 
larger than the concentration of interstitial 


gold ions, then Xj, is independent of and 
equals exp {-GfllkTh where G/is the Gibbs 
free energy of formation of a cation Frenkel 
pair. We now have 

Jr. = exp[-(G,-G//2)/m (5) 

The diffusion coefficient of the interstitial 
fraction of gold ions in the silver chloride is 
given by[14] 

Dj = a^ Vi exp {- GJkT) (6) 

where a is the cation-anion separation; vt 
is the vibration frequency; G^ is the free 
energy of activation for interstitial migration; 
and the correlation factor is here unity. The 
gold diffusion coefficient, D, will be given by 
the product D,.V|. If both C„, and Gf are 
resolved into their component energies and 
entropies, one obtains from equations (5) 
and (6) 

D = a^..exp[(5,-f5,„-V2)M] 

exp[-(E,+ £„,-E,/2)MT]. (7) 

With E;=l*44eV and Sf=94k[l5l and 
inserting values for a <2*78 A) and v, (which 
we take to be 2 x 10^- sec *), 

D-F4xlO-'exp[(5, + 5J/Ai 

exp[-(E, + E,,-0'72)/AE]. (8) 

Thus, for gold diffusion in silver chloride, 

E. + E,, = (0-47 + 0-72) = M9 eV. (9) 

Etti is perhaps not very much different from 
that of interstitial silver ion in silver chloride 
which, although there is some disagreement 
amongst the several published values[9J5, 
16], appears to be approximately 0-1 eV. 
Therefore, Ei is approximately M eV. This 
result is consistent with the proposed inter- 
stitial mechanism: Ei is low enough to guaran- 
tee that a non-negligible fraction, exp - {Gil 
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2kT), of the gold ions is present as highly 
mobile interstitials. On the other hand, the 
overall concentration of gold is so small that 
the formation of gold interstitial ions cannot 
measurably perturb the cation vacancy 
concentration, and hence will make no contri- 
bution to substitutional diffusion. 

Considering the fact that the ionic radius 
of the aurous ion is slightly larger than that of 
silver, one might intuitively expect the forma- 
tion energy of the gold interstitial to be greater 
than the l•44eV required for the intrinsic 
silver Frenkel defect. On the other hand, there 
may be large contributions to these energies 
from polarization effects. In any event, Hi 
is of the expected order of magnitude. By 
way of comparison, the value of Hi for Cu^ 
in AgCI has been deduced, from the ionic 
conductivity of copper-doped AgCI, to be 
103eV[17]. 

The observed frequency factor, == 5 0 x 
10' ^ cmVscc, seems reasonable for diffusion by 
an interstitial mechanism. From equation (8) 
one concludes that ^ 6 A'. Since 5^ is 

probably very small (the low implies that 
there is little local distortion of the lattice 
during the jump), therefore a value of 5A for 
S, would explain the observed Do; this does 
not seem unreasonable. 

It therefore appears that the diffusion of 
gold in silver chloride proceeds predominantly 
by an interstitial mechanism. This conclusion 
is consistent with the ideal 7] that ions with 
outer d‘shell electrons are likely to dissolve in 
part interstilially in silver halides. 

(2) Effect of chlorine atmosphere 

The results obtained when the diffusion 
anneals were performed under nominal 
chlorine pressures of 0-7 and 2 atm have been 
shown in Fig. 1 as curves II and III, respec- 
tively. Above their respective breakpoints, 
both curves appear to have the same slope as 
does curve I. The small difference at these 
high temperatures between the actual dif- 
fusivities of curve 111 and those of 1 and II is 
probably an artifact, produced by a combina- 


tion of very short anneal time and the sensi- 
tivity of the specimen warm-up rate to varia- 
tions in ambient gas and the silver foil 
wrapping. It thus appears that the high-tem- 
perature segments of each curve represent 
intrinsic behavior, and defects introduced by 
the chlorine atmosphere being far outweighed 
by the native Frenkel pair concentrations. 

The most striking feature, however, of 
curves 11 and HI is the depression of the 
diffusivity in the low-temperature region, the 
breakpoint appearing at higher temperature 
for greater chlorine pressure. Although the 
scatter is greater for the data below the break- 
point -probably due to variations in the actual 
chlorine pressure from run to run, and perhaps 
also reflecting a varying dislocation density 
introduced by the liquid nitrogen treatment 
during encapsulalion-both low-lemperature 
segments appear to have the same activation 
energy, 0*86 eV, This value is almost twice 
that for the intrinsic, high-iemperature region. 

A similar break was observed for the 
diffusion of Cu"^ in silver chloride by Suptitz, 
occurring at roughly the same value of D but 
at a much lower temperature (I50°C). The 
effect of impurity-induced vacancies of inter- 
stitial diffusion could possibly explain the 
Suptitz data below 150°. but the breakpoint in 
the present experiments is much too high 
above the temperature of the onset of intrinsic 
ionic conductivity to be attributed to residual 
impurities. 

It IS proposed that the chlorine-induced 
depression of the low-temperature diffusivity 
is due to a deviation from stoichiometry. The 
absorption of excess chlorine by the crystal 
produces extra silver vacancies. and 
electronic holes, e". by the reaction: 

iCF(gas) = CI (lattice) (10) 

At high temperatures, above the breakpoint, 
the concentration of these extra vacancies is 
negligible compared to that of the intrinsic 
Frenkel defects. At lower temperatures, 
however, if the chlorine pressure is sufficiently 
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great, these extra vacancies and holes could 
well outnumber the intrinsic defects. In such 
a case, the fractional vacancy concentration, 
in equation (4) will vary as exp (-HjlkT) 
instead of as c\p{-Efl2kT}, where H is the 
heat of the reaction (10). The activation 
energy for diffusion will now equal (£, + 

///2), instead of the (£j-H of equa- 

tion (7). The difference in the activation 
energies for the low- and high-temperature 
regions, 0-39 eV, must then be equal to Efl2- 
H/2, from which we deduce that H = 0*66 eV. 

This result may be compared with an 
analysis of the data of Ulrici, Koswig and 
Stasiw[ 1 1] on the optical absorption of AgCI 
in equilibrium with a chlorine atmosphere. 
These workers found a very broad absorption, 
centered near 7000 A, which they attributed 
to the free holes introduced by reaction (10), 
the intensity of which could be fitted to an 
Arrhenius relation. Assuming an oscillator 
strength of unity, they concluded that the 
concentration of holes was much less than the 
intrinsic Frenkel defect concentration, and 
they were able to obtain a value for H, the 
heat of the reaction (10). 

We have modified their treatment of the 
absorption data in two ways. First, since the 
optical absorption involves the transition (of 
the fraction of holes that are free) from a de- 
localised silver ^/-like state down to a localized 
chlorine p-like state, it would seem that the 
effective oscillator strength would be very 
small. If it were, in fact, as low as 10 \ then 
the concentrations of holes and cation vacan- 
cies deduced from their data would be much 
greater than the intrinsic concentrations over 
most of the temperature range. We have, 
therefore, analyzed their data on this basis. 
Second, under these conditions one would 
expect the temperature dependence of the 
optical absorption to show a breakpoint 
similar to that observed in the diffusion data. 
Indeed, the Arrhenius plot given by Ulrici 
et al. is better fitted in this way, giving an 
activation energy some 7 percent greater than 
they obtained by drawing the best straight line 


through all of the points. With these two modi- 
fications, the optical absorption results yield 
a value for H of 0*58 eV. Within the experi- 
mental uncertainties of both experiments, this 
seems to be in quite good agreement with the 
value 0-66 eV from the diffusion experiment, 
and lends support to the proposed mechanism. 
Taking the average of the two numbers, one 
has 0-62 eV as the heat of solution of iCI^ in 
AgCJ, forming one cation vacancy and one 
hole, 

CONCLUSIONS 

1 1 can be concluded from the present investi- 
gation that the gold ion diffuses inlerstilially 
in silver chloride with an activation energy of 

depressed if the anneal takes place in a chlor- 
ine atmosphere. This is probably due to a 
decrease in the number of gold interstitials 
as a result of induced silver ion vacancies. The 
heat of solution of iCl, in silver chloride is 
found to be 0-62 eV. 
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Abstract -The aclivalion energy for diffusion of in AgCl has been found to be 0 98 eV. by means 
of a standard sectioning technique. The results are consistent with a vacancy mechanism and cor- 
roborate the hypothesis that ions with no outer d-shell electrons diffuse almost entirely substituiionaily 
m silver halides. 


INTRODUCTION 

In order to explain non-linear Arrhenius 
plots in the diffusion of divalent cations in 
silver halides, it has recently been suggested 
[1] that the electronic configuration of the 
diffusing ion determines the characteristics 
of its diffusion: ions with outer c/-electrons 
dissolve in part interstitially, thus giving 
rise to diffusion both by interstitial and 
vacancy mechanisms. On the other hand, 
ions with no outer t/-shell electrons are 
expected to dissolve entirely substitutionally 
and therefore to diffuse only by a vacancy 
mechanism. Work already done on diffusion 
of sodiuml2], which has no outer ^-electrons, 
and on silverl3], copper[4], gold(5], cad- 
mium [6] and manganese [1, 7], all having 
outer <y-shells, can be understood in terms 
of such a model. 

One additional test of the proposal that the 
presence or absence of outer ^-electrons is a 
determining factor would be provided by 
measurement of the diffusion of alkaline 
earth ions. Unlike Cd^^"* and Mn2^ these 
divalent ions have no outer rf-electrons and 
are expected to show typical substitutional 
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migration. A measurement of the diffusion of 
will be reported later[8]; the present 
paper describes the results of a study of the 
diffusion of in silver chloride. Radio- 
active strontium is readily available as 
carrier-free Sr“, thereby allowing such an 
experiment to be carried out with extremely 
small quantities of impurity tracer. The 
advantages of this opportunity will be made 
clear later in the paper. 

EXPERIMENTAL AND RESULTS 

Microtome-sectioning and radiotracer 
assay methods, with Harshaw single crystals 
of silver chloride, were used to determine 
the diffusion coefficients, employing experi- 
mental procedures described earlier[9]. One 
microcurie, or less, of carrier-free Sr**^Ci 2 , 
obtained from Nuclear Science and Rngi- 
neering Corporation, w'as deposited on one 
face of each specimen. The specimens were 
diffusion-annealed in ultra-pure helium, at 
a temperature constant to within i0-5T 
The smallest diffusion anneal time was 9 hr; 
thus, the warm-up time corrections, although 
applied, were not significant. Rxcept for 
a slight upturn near the surface, the pene- 
tration profiles were good Gaussians. The 
resulting diffusion coefficients are given in 
Table I. 

A number of additional runs were also 
made using tracer of lower specific activity. 
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Table 1. Diffusion of carrier- 
free in AgCl 

Temperature Diffusion coefficient 


(T) 

(cmVsec) 

397'.’i 

l •49X 10 « 

363 0 

6'7.SX lO-s* 

320-8 

1-61 X 10 

287-0 

6-23 X 10- 

2.SS-I 

1-56X 10'“ 


1 I curies per g of strontium. For these runs, 
the ambient atmosphere was approximately 
1 Torr. of chlorine, and the diffusion times 
were considerably shorter, being only one 
hour at the highest temperatures. 

The temperature dependence of the 
diffusion coefficient obtained using the 
carrier-free isotope is plotted as solid triangles 
in Fig. 1. The overall error in the individual 
diffusion coefficient is estimated to be no 



1000/ T rK’') 

Ffg i Diffuvion coefficient plotted loganthmically as a 
function of reciprocal temperature, The solid triangles 
show results obtained with carrier-free tracer and pre- 
sumably represent true tracer’ diffusion. The open 
circles are data obtained with the lower specific activity 
tracer, 


more than 5 per cent. The data are well 
represented by 

D = D„exp(-E/^r) (1) 

with E = 0-98 eV and Do = 0-33 cmVsec. The 
statistical probable error in the activation 
energy is ±0 02eV, and for Do is ±0'12cmV 
sec. 

The results obtained with the lower specific 
activity tracer are also shown, as open circles, 
in Fig. I. The diffusion coefficients at the 
higher temperatures agree with those obtained 
with carrier-free isotope. This agreement 
indicates that the warm-up corrections for 
the 1-hr runs are reliable, even though the 
thermocouple was outside the glass capsule 
containingthe specimen. At low temperatures, 
however, the diffusion coefficients from this 
set of runs are about 30 per cent high. This 
can be understood in terms of the effect of 
the impurity tracer on the concentration of 
cation vacancies. Thus, at low temperatures, 
the diffusion penetration depths were small 
enough that, during the anneal, the average 
strontium concentration in the diffusion zone 
was of the order of the thermal vacancy 
concentration. In such a situation, one would 
expect a small downward curvature in the 
penetration profile, due to the effect of 
the impurity concentration gradient on the 
diffusion coefficient. The profiles, however, 
appear to be good Gaussians, although there 
is somewhat more scatter in the data. The 
measured values of D are thus average values 
over the entire diffusion zone and are some- 
what higher, as expected. If one drew, as is 
possible, a straight line through the data 
points for the tracer of lower specific activity, 
an activation energy slightly lower than the 
correct value would be obtained. These 
apparently well-behaved’ results emphasize 
the danger that can arise in the study of 
diffusion of polyvalent ions in monovalent 
ionic crystals. The tracer specific activity 
must be so high that chemical concentrations 
may be low enough so as not to disturb the 
equilibrium thermal disorder. 
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DISCUSSION 

The activation energy E of 0-98 eV and a 
frequency factor /)„ of 0*33 cm^/sec obtained 
for the diffusion of in AgCI are typical 
of a vacancy mechanism. The diffusion 
coefficient of an impurity ion under conditions 
of negligible impurity concentration gradient 
is given by [10] 

D = 4a>exp h(E,/2 + £, -EJM7] 
Xexp[(5,/24-5,-5J/;^] (2) 

where a is the cation-anion separation dis- 
tance (2*78 A); / is the correlation factor 
which allows for the fact that successive 
tiacer jumps are not random; v is the vibration 
frequency of the diffusing ion, usually taken 
as the Debye frequency (3-7x 10*^sec'M; 
E and S represent enthalpy (or energy) and 
entropy, respectively; the subscripts /, w, 
and a refer to the formation of a Frenkel 
pair, activation for migration, and impurity- 
vacancy association, respectively. 

If one assumes the Sr^^-vacancy association 
energy to be of the order of 0-2 eV, then one 
would expect that the diffusion coefficient of 
Sr^^ would be much larger than that of 
substitutional Ag'* in AgCI unless the jump 
frequency of the Sr'^^ -vacancy exchange, 
(D^, is much less than that of Ag^-vacancy 
exchange, w,. The observed value of Dsr 
at the highest temperatures is only about 1/3 
that of the substitutional component of 
From these data, one estimates that (j).> - 
0-006qj,. This small value of wu implies that 
the correlation factor, /, must be nearly 
unity [11], the argument being valid over the 
entire temperature range. Taking 
F44eV and 9-4A:[l2] and inserting 
the experimental values, £ = 0*98eV and 
^ft = 0-33cmVsec, into equation (2). one 
obtains 

£,-e, = 0*26eV, (3) 

\’4k. (4) 

If Em were known, then equation (3) 


would determine the association energy, 
Conflicting values of E^ for vacancy 
migration in pure AgCI have been reported 
[12,13], but it appears to be about 0*3 eV, 
The migration activation energy for Sr^"^ 
diffusion, however, will be higher than this 
since, because of electrostatic relaxation, 
the doubly charged strontium ion will see a 
tighter ‘gate’ than does the monovalent silver 
ion. Thus, all that we can say about the 
association energy is that it is greater than 
0‘04cV. The difference between the entropies 
.S,„ and 5r/, equation (4), appears not to be in 
conflict with the accepted notions for a 
vacancy mechanism. 

The analysis thus indicates that the diffusion 
of in AgCI proceeds by a vacancy 
mechanism. Further support is lent to this 
assumption by the fact that an increase of 
about 25 per cent in D at 255T was observed 
in one additional experiment in which the 
diffusion anneal was carried out in an atmo- 
sphere of 260 Torn of chlorine. Thi^ chlorine- 
induced increase is almost certainly due to 
the extra silver ion vacancies produced in the 
crystal as a result of absorption of excess 
chlorine[5]. 

This study of Sr^^ diffusion in AgCI thus 
provides further support to the contention 
that, in contrast to transition metal and group 
H ions, these ions with no outer d-shell 
electrons diffuse by a vacancy mechanism 
over the entire temperature range. 


Ac knowiedf^ement -Jht aulhors are appreciative of the 
asMsiance of Marvin Greene 
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Ag(Cu) 

J. C. SWARTZ 

Edgar C. Bain Laboratory for Fundamental Research, United States Steel Corporation, Research 
Center, Monroeville, Penna, 15146, U.S.A. 

{Received \ 0 October 1968; m revised form 2^ December 1968) 

Abstract- Internal friction spectra of oxidised Ag, Ag 0-2% Al. Ag 0-4'^ Al, Ag 0-26% Au and 
Ag 0 26% Cu are presented. Only the Ag{Cu) alloy oxidized at 250° or 300°C exhibited stress relaxa* 
tions which could be attributed to point defects. In this case two relaxations were observed with 
activation energies approximately 010 and 0-20eV. The magnitude and anisotropy of the 0-20eV 
relaxation indicate a relatively strong { 100) tetragonal dipole. Experiments on the effects of oxidation 
pressure and temperature suggest that relatively few Cu-0 pairs formed at 250° or 300“C are 
sufficiently isolated to relax: the majority of the pairs are in larger, non-relaxing clusters, A defect 
model based on the structure of bulk CuO is suggested to account for the low energies of these 
relaxations. 


INTRODUCTION 

Internal oxidation of copper in silver pro- 
duced sloichiometric CuO above 700°C and 
submicroscopic clusters of CuOt .■{ 1 7 at 
300T[1]. The clusters are relatively stable 
to vacuum deoxidation at 30(TC: in one 
experiment 1 1] with AgCUo.a<i 2 .| ^he 0/Cu 
ratio decreased only 3 per cent (from 1-37 to 
I -32) when the external oxygen pressure 
decreased from 450 to ()-65 Torr. at 300°C. 
Isotope exchange experiments[2J at 30 ()®C 
have shown that most of the 0 ^^ in the 
clusters can be replaced readily by ()^^ 
Apparently the clusters are so small that most 
of the Cu atoms have at least one filled and 
one empty oxygen site exposed to the silver 
matrix. 

The present experiments were undertaken 
to learn if the CuO^ clusters are capable of 
stress relaxation. The possible ionic character 
of the Cu-0 bond suggests that a Cu-0 pair 
might have an appreciable elastic dipole 
strength.* Assuming a dipole strength -- 10“* 
a stress relaxation could be detected if > H)“* 
atomic fraction of such dipoles reoriented 

'*'The dipole strength of a pair of impurity atoms is a 
measure of the difference in the misfit strains parallel and 
perpendicular to the pair axis[3, 5]. 


with a unique activation energy. In the alloy 
of the presenl study there are 26> 10 
atomic fraction Cu-0 pairs. Hence there is 
ample sensitivity to test whether ihese pairs 
are asymmetric and sufficiently isolated to 
reorient. Similar tests were made on internally 
oxidized silver-aluminum alloys. 

A previous study[4] of Ag(Mg) alloys 
internally oxidized at 6 () 0 T failed to reveal 
any relaxation peak between IT and 290“K at 
1 Hz. On the other hand this study did show 
that pure silver charged with ~ 300 ppm 
oxygen exhibited small relaxation peaks at 
130^ 180° and 270°K. 'The magnitude of the 
13(f and 180°K peaks increased with the 
square of the oxygen concentration. The 
activation energy obtained for peak 

(0-5 eV) equals that for diffussion of oxygen 
in silver. The orientation dependence implies 
that the 13(r peak is due to a ( 110 ) orthor- 
hombic defect and the 180° peak to a (lOO) 
tetragonal defect [5]. Papazian suggested that 
these two peaks were caused respectively by 
a pair of oxygen atoms in a silver atom 
vacancy and by a pair of interstitial oxygen 
atoms. 

At the frequencies of the present study 
(20-80 Hz) the peaks observed by Papazian 
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would fall near I4(f, 200" and 300"K, A few 
efforts to observe these peaks were made in 
the present work. 

EXPERIMENTAL TECHNIQUES 

Specimens were prepared from 99’999% 
Ag(Cominco Electronics Co.) and vacuum 
melts of Ag with Al, Au and Cu, The alloys 
were homogenized typically 1 8 hr at 900T in 
pressure nominally (lO'"' Torr. These 
materials were swaged, drawn and chemically 
polished to form ()-7 mm dia. wire. Specimens 
5- 10 cm long were recrystallized at 870T in 
a vacuum furnace at a pressure (10'^* Torr. 

A few single crystal wires of the AgCii 
alloy were prepared in a Bridgeman furnace 
from I '3 mm dia. wires in vertical 1*5 mm 
dia. holes in graphite. After growth the crys- 
tals were electropolished to 1-2 mm dia. 
C ombustion analysis of one of the crystals 
indicated {5 ppm carbon by weight. Crystal 
orientations were determined by the l.aue 
method. The axis of one crystal was within 
1° of a {100} direction; the other crystals 
were approximately 15° from a (100) 
direction. 

Oxidation of the specimens was accom- 
plished in sealed glass containers containing 
sufficient oxygen to bring the oxygen pressure 
to one atmosphere at the oxidation tempera- 
ture, In several experiments the soluble 
oxygen was later removed by heating the 
specimens in evacuated and sealed glass 
containers. From the amount of oxygen 
evolved! 11 and the container volume we 
estimate the final pressure for these 'deoxida- 
tion' treatments was ^'-1 Torr. Occasionally 
oxidized Ag(Cu) specimens were reverted to 
homogeneous Ag(Cu) solutions by healing 
above SOOT in vacuum or flowing argon. In 
some cases the changes in oxygen content of 
a specimen was followed gravimetricly using 
a Sartorius microhalancc. 

The stress relaxations were revealed as 
peaks in the internal friction measured as a 
function of temperature. These data were 


obtained with an inverted torsional pendulum 
operating in free decay at frequencies between 
20 and 70Hz[6]. 

RESULTS 

Typical internal friction spectra of most of 
the alloys did not exhibit any pronounced 
stress relaxation (Fig. I). Occasionally, 
however, broad maxima were observed as 
shown in Fig. 2. The excessive width and the 
annealing behavior of these maxima are 
suggestive of dislocation relaxations. For an 
oscillation frequency of 50 Hz the Bordoni 
peak [7] and deformation peaks a, andy of 
Hasiguti ct i^/.[8] are expected around 53°, 
143°, 175° and 215°K, respectively. The 
temperatures of the major peaks in Fig. 2 
(50°, 130° and 2I0°K) roughly correlate with 
those of the Bordoni, a and y peaks. No fur- 
ther study was made of these relaxations. 

Spectrum k fails to show any significant 
peak near 200°K which would correlate with 
the 'oxygen-pair' peak observed by Papazian. 
In another attempt to observe an oxygen-pair 
relaxation, an Ag 0-26 alo C u specimen which 
had been oxidized at 300T was pulsed 
briefly to 543T. During the pulse much of the 
oxygen in excess of that in stoichiometric 
C^uC) (-l(Fppm) is expected to dissociate 
from the clusters. According to the silver- 
oxygen phase diagram, the limit of the a 
field at this temperature corresponds to 
^600 ppm dissolved oxygen. Figure 3 shows 
the internal friction of a specimen held one 
minute al 543°C'. then dropped into liquid 
nitrogen. During transfer of the specimen from 
the nitrogen bath to the torsional pendulum 
the specimen temperature did not exceed 
2()0°K. A narrow peak at 207°K (33 Hz) is 
evident in the spectrum of the first warm-up. 
Two similar experiments failed to reproduce 
this peak (e.g. spectrum c of Fig. 6). Therefore, 
there is too little evidence to decide whether 
the peak in Fig. 3 is a transient dislocation 
damping or a stress relaxation of oxygen 
pairs. In any event the sensitivity of the peak 
to subzero annealing contrasts considerably 
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Kig. 1. Several cases In which the internal friction spectrum fails 
to exhibit any pronounced relaxation. Uv) AgO-29^ Al oxidized 
312 hr # 300°C in 1 atm Oj then held 216 hr @ 30<)”(' in an 
evacuated capsule; {h) Ag ()'269f C'u after vacuum anneal at 
SOOT: (f) Ag 0-26% All oxidized L3 hr @ SIOT in I atm 0^. 
fd ) Ag 0-26% Au oxidized 400 hr @ 300T in 1 atm (T. 


with the stability of the peak observed by 
Papazjanat 180°K(2 Hz). 

The remainder of this report concerns 
internal friction spectra of the silver copper 
alloy oxidzed at low temperature. A typical 
spectrum after oxidation at 300°(' is shown in 
Fig. 4(a). A small peak designated B is appar- 
ent at SO'^K (2()-6Hz). Spectrum 4A was 
obtained after this specimen had been de- 
formed 3 per cent in torsion at 97''K and 
warmed to room temperature. The height of 
B was unaffected by the deformation and a 
new peak at I6()°K appeared which corres- 
ponds in temperature to deformation peak 
/3 of Hasiguli etal.W. 

After the measurements of Fig. 4 specimen 
I was cut into three segments (In. \h and Ir) 
of about equal length. Figure 5 shows the 
results of a sequence of further treatments on 
one of these segments. Spectrum 5a reveals a 
new peak (designated A) near 4()‘'K. Upon 
aging the specimen in a static vacuum at 
300%\ A decreased slightly and B increased 
an order of magnitude. Spectra 5c and 5d show 
that brief pulse at 54.TC causes A and B to 
disappear irreversibly. Finally 5c shows that 


B can be reintroduced after reversion at 
800T. 

Figure 6 shows further examples of A and 
B in spectra of another specimen* Clearly 
these peaks arc strongly sensitive to the 
temperature and oxygen pres'^ure of the final 
equilibration. 

Table 1 lists the heights ofv4 and B after 
sequential treatments of each polycrystalline 
specimen. Occasional spectra contain 
Bordoni damping (e.g. 5h] which prevents an 
unambiguous estimate of the height. In these 
cases only an upper limit of A is listed. No 
such difficulty exists for B. 

Several of the observations contained in 
Table 1 warrant explicit statement. After 
oxidation at 3()0T B is small and decreases 
slowly with room temperature aging, but after 
the vacuum treatment B is high and relatively 
stable to room temperature storage or to 
brief warmings to 300°C. Furthermore after 
evacuation B is independent of cooling rate 
from 300°(\ whether one air cools in a gias.s 
container, quenches directly into water, or 
‘quenches* directly into liquid nitrogen and 
measures before warming above ]5ifK. Final 
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Pig 2 Spectra which exhibit broad maxima characteris- 
tic of dislocation relaxations (a) Ag 0-26% Au oxidized 
400 hr @ .T00“(' in I atm 0. and subsequently healed 
216 hr @ 300®C in sialic vacuum; (6) Ag 0-26% Cu after 
vacuum anneals first @ ROOT then 339 hr at 300T'; 
(r) 99-9999? silver oxidized 41 hr @ 830T' in I atm O^. 
water quenched, td) AgO'4% A! oxidized 137 hr @ 447T’ 
in laim O.^ and further held 166 hr @ AATC in argon, 
air cooled (0/Al = 2-3-) (Kindly prepared by D F. 
Wriedl of the author’s laboratory!; ie) Ag 0-4% A1 
oxidized 1 37 hr @ 447T in 1 atm 0., air cooled. (0/Al 
- 2-3+) (Kindly prepared by D. F. Wriedt of the author’s 
laboratory); (/) same as (e) after 10 min anneal al 195T ; 

(Af) same as (/) after 10 min anneal at 37 IT. 

equilibration at 250° or 300°C seems to affect 
A and B oppositely. A is higher after 250° 
equilibration and B is higher after 300° 
equilibration. 

Figure 7 displays the height of fl as a func- 
tion of inverse absolute equilibration tempera- 
ture. An increase in oxygen pressure at a 
constant temperature of 300°C reduced B. At 
low oxygen pressure B varies reversibly 
between 250° and 300°C and decreases 
irreversibly with time at 350°C. The energy 
governing the reversible temperature 
dependences is roughly 0-4 eV. 

The activation energies of relaxations A 



Fig. 3. A transient peak at 207®K. AgO'26% Cu oxidized 
797 hr @ 300”C, heated I min @ M3“C and ‘quenched’ 
into liquid nitrogen. 



Fig. 4. initial observation of B relaxation and effect of 
deformation. Specimen 1 oxidized 797 hr ® 300®C in 
~ 1 atm O 2 . 


and B from the Wert-Marx relation [9] are 
O' 10 and 0-20 eV. The peak temperatures 
vary in rough accord with these activation 
energies for frequencies in the range 20- 
80 Hz. The average width of A from the 
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Fig. 5 Effect of sequential treatments on relaxations A 
and B. Specimen of Fig. 4 further oxidized 284 hr @ 
250®C then: («) heated 63 hr @ 300°C in static vacuum; 
(h) further heated 66 hr ® 350°C in static vacuum; 
(c) first warm up after heating 1 min @ 54 3T and 
‘quenching’ m liquid nitrogen; Id) reoxidtzed 432 hr 
& 25(FC and held 504 hr @ 250°C in static vacuum; 
(e) deoxidized 16 hr @ 820T in argon, reoxidized 695 hr 
300‘’C and treated 455 hr ® 300T in static vacuum. 


spectra with negligible Bordoni damping is 
10 per cent greater than the theoretical width 
of an O-lOeV relaxation. Similarly the 
average width of B is 5 per cent greater than 
the theoretical width. Apparently the Werl- 



TEMPERATURE ."K 

Fig. 6. Effect of sequential treatments on internal friction 
of Specimen 2. (u) Oxidized 797 hr @ 300T m 1 atm oxy- 
gen then sealed in vacuum and held 312 hr a! 3n0“i\ 
(h) further treated at 304 hr ^ 250“C in I atm oxygen. 
Ic) 160hr <g) 250°C sealed in vacuum. 

estimates of the activation energies of these 
relaxations. Also the distributions in activa- 
tion energy and attempt frequency are 


Marx method gives reasonably correct relatively narrow. 



1000/ T,*K'' 


Fig. 7. Dependence of B relaxation strength on oxidation 
temperature and pressure. 
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Table I . Effects of sequential treatments on relaxations of AgiCu, 0) 


Hr at 7'(T) and P(atm) of oxygen Peak height 

T 25{) 300 350 Other log dec. X 10' 


P 1 lO-’ 

Specimen 

I 

iO 

l()-^ 

treatments 

A 

B 

1 

797 






1-7 





}% Iwisl 

— 

J'7 


797 

312 




20-5 





4 yr @ 25T 


20-5 

2 




-3 yr @ 25T’ 


18-0 

304 





2-3 

0-1 

IhO 





5-3 

13-4 


797 



3 yr @ 25T 

— 

0-1 



506 



<0-3 

12-9 

3 



188 


<0-4 

3-9 


305 




<0-4 

0-5 



0-1 



<0-4 

0-5 

284 





2'4 

<0-1 

Ui 28 





6-9 

9-8 

232 





7-5 

14-5 

284 43 





5-4 

1-95 



70 



3-3 

17-9 

\b 




1 tmn @ 543T 

<0-3 

<0-2 

432 M)4 





-.0-7 

<0-2 





800°(' reversion 

— 



695 

455 



<0-2 

20-0 

284 


65 



6-9 

14-3 




66 


<0-2 

11-9 





i min @ 543''(' 

4-7 

2-8 

432 504 





0-5 

6-8 





800®C reversion 

— 

— 

U 

69^ 

455 



<01 

20-0 


427 




<01 

0-8 

189 





0-6 

210 

426 





5-2 

9-6 



196 



^.4-8 

23-8 




121 


<1-0 

10-5 


98 

138 



<1-0 

3-3 


501 




<5-3 

3-5 

260 





6-5 

U-6 

4 220 





2-4 

12-0 



240 



<0-3 

26-5 




215 


<0-2 

<0-2 


189 

115 



<0 2 

<0-3 


The results on the few single crystals are 
summarized in Table 2. The crystals are 
identified by values of the orientation para- 
meter r = + where 

a > and On are the direction cosines of the wire 
axis with the [100], (OlOJ and [001] crystal 
axes. The 0/Cu ratios in Table 2 are calcula- 
ted from the average weight change. These 
data suggest incomplete oxidation for the 
treatments at 250° and 300°C. This is possible 


since the diameter of these crystals was about 
1 '7 times that of the polycry slalline specimens. 
The peaks for these early treatments are also 
abnormally low. 

According to the general theory[3] of 
torsional anelasticity the relaxation strength 
277^^ X peak log dec.) is related to the 
crystal orientation by the equation: 


A,;G~‘ = = S,v + 2(85' ~85)r (I) 
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Table 2. Heights (log dec. x W) of peaks A and B in oxidized Ag{Cu) eryslals 
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0-0004 

0-056 

0-059 

0-073 

— 

t rcatmeni 

O/Cu 

A B 

A B 

A B 

A 

B 

7.77 hr Ox @ 300 

Above plus 2K0 hr 


<01 

2-3 

0-7 


0-7 

Ox @ 250 + 4 10 hr 
Deox @ 250 

(«)4 0-33 

o-.'i'''’ 0 4 

2 0 2-2 

'f 

1-2 

2-4 

Deox @ 820 







426 hr Ox @ 250 

392 hr Deox @ 250 



n-2 0-5 


0-8 

0-6 

Deox # 800 







670 hr Ox @ 3(H) 

5(K) hr Deox @ 300 

0-82 

<0-2 <0-3 

<0-3 2-5 

<0-3 2 0 

<0-5 

3-8 

Above plus 







578 hr Ox @ 3.50 

1-33 






354 hr Deox @ 350 

1-20 

<0 2 0-5 

<0-2 5 6 

<0-2 4'7 

^■0-2 

72 


‘“’Not measured. 

‘^'’Upper limit (spectrum includes extraneous damping between 40° and 50°K). 


where G is the unrelaxed rigidity modulus 
for the orientation F. 8G“' is the difference in 
relaxed and unrelaxed reciprocal modulus, 
ds is a similar difference for the compliance 
coefficient i,, and 8 a' is that for the coefficient 
2Gn-^'i2)- Figure 8 shows 8G ' as a function 
of F for the B peak after the 350° treatment 
(Table 2) using rigidity moduli calculated 
from the compliance coefficients of pure 
silverflO]. The estimated uncertainties in F 
and A(; are indicated. The remaining scatter 
from the linear relation ( 1 ) must be ascribed to 
small variances in the oxidation treatments. 



Klg. 8 Orientation dependence of B relaxation after 
350T treatment described in Table I. 


From Fig. 8 we obtain 6a- 0-06±0-01 and 
6.F = 7-f)±l in units of U) ^"emVdyne for 
the B relaxation after equilibration at 350T. 
Extrapolation of the linear relation to F~- 0*2 
(the average F for a random polycryslalline 
aggregate) predicts a peak height (log decre- 
ment) of 12 X 10“\ which compares favorably 
with data in Table 1. The strong anisotropy 
(6 a 78a ^ 130) indicates that the dipoles 
responsible for the B relaxation have strong 
(l(X)) tetragonal symmetry. 

DISCUSSION 

The absence of any pronounced peak near 
200°K in spectrum Ir contrasts with the 
experience of Papazian. Fie found that a 
similar oxidation treatment of pure silver 
introduced a peak of magnitude about 
2x10^ (log decrement units): any such peak 
in spectrum Ic must be smaller than 0*5 x 10' 7 
Perhaps silver oxide precipitates more readily 
in our particular silver than in the silver used 
by Papazian. Spectra 2r. c and / show that a 
dislocation relaxation sometimes occurs at a 
temperature close to that anticipated for the 
oxygen pair relaxation. Hence it will be 
difficult to identify the pair relaxation 
unambiguously until the nearby dislocation 
relaxation is eliminated or otherwise con- 
trolled. 
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Spectrum Ic also determines an upper limit 
for the possible relaxation strength of oxygen- 
gold impurity pairs. In a completely random 
solution of this composition there would be 
about 5 ppm oxygen in interstices near 
neighbor to isolated gold atoms. Assuming 
this concentration and the upper limit on the 
height of any peak in spectrum Ic we calculate 
from equation (2) (subsequently presented) 
an upper limit of ~ ()'3 for the magnitude of 
the dipole strength (AX) of an oxgyen-gold 
pair in silver. 

Lei us consider peaks A and B exhibited by 
the oxidized Ag(Cu) alloy. Figure 4 demon- 
strates that B is not sensitive to deformation. 
Moreover the widths of^ and B are too small 
to ascribe them to dislocation relaxations. 
Therefore the peaks seem to be caused by 
certain strain dipoles (hereafter designated 
and J) among the CuOj clusters. Treat- 
ments at and above 35()''C, which presumably 
increase the average cluster size, irreversibly 
decrease the peaks. Evidently the relaxing 
dipoles are among the smallest clusters. Even 
if the larger clusters also have dipolar strain 
fields, their reorientation probably would 
require too many independent or coupled 
activations and hence. would be unlikely. 

The two-fold difference in activation ener- 
gies of these relaxations suggests that relaxa- 
tion B requires two activation processes of 
the type responsible for relaxation A. For 
example, if A is associated with an isolated 
Cu-0 pair which has a mean time of stay 
Ty = /(, exp {Q^IkT), B could be associated 
with two such pairs so interacting that 
relaxation of the complex is not effected un- 
less both pairs are activated within a time 
- Ty . The probability of two independent 
activations in a unit time would be pro- 
portional to so that the activation energy 
for reorienting the SS complex would be IQ ^ . 

Relaxation B is particularly sensitive to the 
oxygen pressure during the final equilibration 
at 250° and 300°C. Apparently the small 
concentration of loosely bound oxygen 
1 *3 X 10'^ atomic fraction at 300T)[1] can 


immobilize the 9S dipoles. Perhaps this is 
accomplished by filling the occasional oxygen 
ion sites which link the ^ dipoles to other 
clusters. At any rale each loosely bound 
oxygen can be assumed to suppress on the 
average no more than one of the 3S dipoles. 
Therefore the concentration of ^ dipoles 
formed at 300T is T3 x lO'L The 
thermodynamic theory of anelasticity for a 
dilute solution of ( 100) dipoles yields[5] 

- CVJ{^\flRT ( 2 ) 

where C is the dipole concentration, is the 
molar volume of the solution, and AX is the 
dipole strength. Substituting in equation (2): 
Ar;-2(20xl0'^)/77, C< ^3xl0-^ G = 
2’7XIO^* d/cm^ r = 0'2, Fo=10*3cm'^ and 
7' = 80°K, we find |AX| 0-34, which is a 
rather large dipole strength. Assuming 
similar strengths for the and PI dipoles and 
respectively one and two Cu atoms per dipole 
we can account for no more than 1 5 per cent 
of the total Cu concentration. The great 
majority of the copper would seem to be in 
larger (hence non-relaxing) clusters. 

In the foregoing paragraph we suggest that 
a reaction of the type 

0 + .^ = ^^ (3) 

can account for the strong dependence of the 
M concentration on the equilibrium pressure 
of oxygen. In equation (3) ^ signifies a non- 
relaxing cluster. Now let us try to interpret 
the reversible temperature dependence in 
Fig. 7 using the same reaction. 

From the thermodynamics of defect 
associationfl I], the binding free energy AG 
of reaction (7) is related to the concentrations 
of the reactants by 

= Z[0] e\p(^G|kT) (4) 

here Z is the number of distinguishable O 
sites about SS and the square brackets 
signify mole fractions. The concentration of 
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oxygen is expected to vary with oxidation 
temperature and pressure as in the case of 
pure silver: 

[0] = 1-39 X 10-V‘^2exp(~o*45eV/kT) (5) 

where P is the oxygen pressure in Torr|l]. 
Assuming [‘^] is not a strong function of 
temperature around 300°C, equations (4) and 
(5) determine the following temperature 
dependence of [J]: 


mm) 

^(l/T) 


{0-45eV-A//)M' 


( 6 ) 


where A// is the binding enthalpy. In con- 
junction with the data in Fig. 7, equation (6) 
leads to the possibility that A// is about 
0*9 eV. In comparison the enthalpy difference 
at 300T between bulk CuO and dissolved 
Cu and O is approximately 2*4 eV.* Hence 
the oxygen which might immobilize ^ ac- 
cording to reaction (3) would be bound 
considerably weaker than oxygen is bound in 
bulk CuO. While this result is qualitatively 
reasonable, the possibility that equation (3) 
is indeed the major reaction controlling the 
concentration of is certainly not proven. 

If oxygen can be weakly bound to sites 
with perhaps only two copper atoms within 
the second neighbor shell, gradual replace- 
ment of the remaining silver neighbors by 
copper provides a spectrum of increasing 
oxygen binding energies. This suggests an 
explanation for the excess stoichiometry of 
the clusters: silver ions frequently included in 
the Cu-0 structure provide excess oxygen 
sites with sufficient binding energy to remain 
filled during even low pressure equilibration. 

Let us now discuss some conceivable 
models of the dipole clusters. Since clustering 
is an intermediate state between a homo- 


‘‘‘Derived from daiall. 12, 13] on the lollowing 
reactions: 

Cu(.v) + i0.iU»)=CuO(i) 
i(>2U) = 0(inAg) 

Cu(s) = Cuiin Ag). 


geneous solid solution and a two phase mix- 
ture, we can speculate on the clustered state 
from either limiting perspective. From the 
perspective of a solid solution we imagine 
a weak interaction between the dilute substitu- 
tional and interstitial components and obtain 
the usual model of an interstitial-substitutional 
impurity atom pair. The pair axis in the 
present case would lie in a ( 100) direction and 
its reorientation would be accomplished by a 
jump of the oxygen atom between the octa- 
hedral interstices adjacent to a copper atom. 
With this model one expects the activation 
barrier for reorientation to be similar to that 
for the diffusion of the interstitial in the pure 
solvent. Many relaxations have been reported 
which seem to conform to this modeljM]. In 
contrast, relaxations A and B are activated 
far easier (0-1 and 0-2 eV) than the diffusion 
of oxygen in silver (0-5 eV). Obviously the 
copper atom drastically alters the atomic or 
electronic structure around the oxygen atom. 
Realizing the possibility of some ionic charac- 
ter to the Cu-0 bond, we can conceive of the 
copper ion becoming smaller than the oxygen 
ion. Then it becomes a moot question: uhich 
is the interstitial ion whose motion energy 
presumably governs the relaxation? 

One also can envision a relaxation mechan- 
ism involving thermally activated electron 
exchange which fluctuates the Cu-0 bond 
between two states of different ioniciiy and in 
this case different (100) distortions. Fine 
et u/.ll5, 16] have used such a model foi 
certain stress relaxations of ferrites at low 
temperature. In any such reaction between 
two species of dipoles there is likelihood of a 
hydrostatic component of the relaxation (51. 
The present experiments utilizing torsional 
stresses only, do not test for a possible hydro- 
static relaxation component. 

l.et us next consider the clusters fiom the 
perspective of a two phase mixture. In the 
monoclinic structure of bulk C uO the copper 
ions occupy a face-centcred lattice which is 
shorter in the [001] and longer in the [HO] 
direction than the cubic lattice of silverf!?]. 
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The oxygen ions are situated within copper 
tetrahedra but instead of occupying the 
tetrahedral centers they are offset toward 
the [1 10] edges. 

The number of copper atoms required for a 
nucleus of CuO in silver is not known. The 
fact that AgO is nearly isomorphous with 
CuO probably stabilizes small nucleii. One 
might even say that in the presence of a few 
copper impurity atoms the solubility of 
silver oxide (strictly AgjCu,_j.O) is exceeded 
perhaps at one atmosphere of oxygen at 
300"C. 

Figure 9 shows a possible configuration for 
a nucleus of CuO containing three copper 
atoms constrained to the fee silver lattice and 
a pair of oxygen atoms. For this configuration 
of Cu atoms there are two equivalent positions 
of the pair of oxygen atoms: both oxygens can 
be close to the 1 1 lOj edge of their respective 
tetrahedra or alternatively to the [0ll| 
edge. Figure 9 illustrates the former con- 
figuration. To reorient the cluster axis from 
flOO] to fOl 1], both oxygen atoms must move 
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a small distance within their respective 
tetrahedra. (Recall that a double activation 
process was suggested for the B relaxation.) 
The small displacement of each oxygen atom 
in reorienting such Cu-0 clusters is qualitati- 
vely consistent with the low activation 
energies of the observed relaxations. If the 
atom positions in bulk CuO are applicable to 
such a small nucleus, this (110) dipole would 
be expected to have dipolar strains in both 
[110] and [001] directions. Only a (100) 
distortion is indicated by the observed 
anisotropy of the B relaxation. 

Coincidentally the primary example of a 
(110) dipoIe[5], the silicon A center, involves 
an oxygen atom in a bond arrangement similar 
to that in Fig. 9 and moreover has its major 
dipolar distortion along (100). Furthermore 
the A center in silicon is activated to reorient 
by 0-38 eV which is far below the 2*55 eV for 
interstitial diffusion of oxygen in silicon 
[18, 19]. There is also another stress relaxa- 
tion attributed to the A center with an acti- 
vation energy about half that ascribed to the 
motion of the oxygen ion [18]. Here the 
parallelism with the present defects may 
break down since there is no indication that 
the strengths of the two relaxations in 
silicon can vary independently. 


SUMMARY 

Two unique stress relaxations have been 
observed in an Ag 0-26% Cu alloy internally 
oxidized at 25()°-3(X)‘’C. The relaxations, 
designated A and are activated respectively 
by O'lO and 0*02 eV. The orientation depen- 
dence of the B relaxation indicates a (100) 
tetragonal dipole; the strength of this dipole 
has been estimated ^0*34. The magni- 
tudes of both relaxations are strong functions 
of the oxidation temperature and pressure. It 
is concluded that the relaxing dipoles are 
among the smallest CuO^. clusters; most of 
the copper in specimens oxidized at 300°C is 
in larger, non-relaxing clusters. A dipole 
model based on the structure of bulk CuO 
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provides a possible explanation for the low 
activation energies of these relaxations. 

Efforts to observe reproducible relaxations 
due to pairs of oxygen atoms in silver were 
unsuccessful. 
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CUBIC FIELDS WITH TETRAGONAL AND TRIGONAL 
DISTORTIONS IN CRYSTAL FIELD THEORY OF 
TRANSITION METAL IONS 

UIK) SCHERZ 

Ml. Physikalisches InslitulderTechnischen Universiial, Berlin, Ciermany 
{Re( eived 1 3 Dec em her 1968 ) 

Abstract-The most general effective Hamiltonians including spm-orbit coupling, crystal fields of 
lower symmetry and spm-spin coupling in various orders of perturbation theory are given for three 
symmetry groups. Spin tensor operators which transform as basis functions of these groups are also 
presented, From the efieclive Hamiltonians, energy matrices are derived for configurations in 
trigonally and tetragonally distorted tctrahedrtil and octahedral crystal fields, the eigenvalues of which 
give the fine structure energy levels observable in the optical spectra of transition metal ions in ll-VI- 
compoiinds. The corresponding eigenfunctions, necess.iry to calculate the ji?-faciors of these levels, 
are also included. 

I. fNTRODLfCTlOiV tjons of the groups and double groups Prather's 

In THE analysis of optical spectra of transition nolationlT] is used as well as Bathe's f, 
metal ions in ll-VI compounds trigonally symbols: 
and tetragonally distorted tetrahedral fields 

are of special interest. The fine structure T,, T,. T 2 ; 1 T;. 1 '^, 

of the infrared spectrum of Cu*^ centers in 

ZnO, for example, is strongly influenced by C,,. T; 1 ^, 13 . IV 

a trigonal crystal field arising from the crystal 

structure (wurlzile lattice) f I J, More complex The irreducible representations of the groups 
spectra have been observed from Cu"^ centers O/,, ^ 4 ^ and are given by simply adding 
in ZnS crystals consisting of various poly- an index r or w. The qualitative splitting of 
lypes[2"4]. A Jahn-Teller effect may also crystal field energy levels characterized after 
lower the symmetry of the crystal field[4], representations of or 0^ by the distortions 
On the other hand arbitrary distortions may is given in Table 1. The level is still 
be produced by applied stress [ 5 ]. degenerate (unless a magnetic field is present) 

If a tetrahedron, with symmetry group 7,/, for time inversion reasons and is called a 
is distorted in the direction of a twofold sym- Kramers-doublet. 

melry axis, the symmetry is reduced to that In the frame of crystal field theory the 
of the subgroup if an octahedron, with optical spectra of ions in crystals are deier- 
symmetry group 0^ is distorted in the same mined by various forces. For transition metal 
way the subgroup results. The distortion ions in Il-Vl compoundsthey are, indecreas- 
along a threefold symmetry axis leads to ing order of magnitude in energy: Coulomb 
groups Cav and Da,/ for 7 ,/ and O/, respectively, interaction between electrons in non-closed 
If / is the group which consists of the identity shells, a crystal field arising predominantly 
and inversion only, we may write 0/, = Ox /, from the nearest neighbors, spin-orbit inter- 
D 3 rf = D:iX/, = and we have the action, another crystal field of lower sym- 

following isomorphisms: 7^ = 0 . Ct,. = D^, metry, spin-spin interaction, an external mag- 
D 2 d = DM, For the irreducible representa- netic field, interaction of electrons with the 

2077 
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Table 1 . Splitiin^^ of octahedral and 
tetrahedral crystal field enerf^y 
levels by trigonal and tetragonal 
distortions 


1 etragonal 


Trigonal 

0, 

0 

/T 

^ti\ 

T, 


A, 

Ay 

Ay 

By 

A, 

A, 

Ay-h B, 

E 

E 

.>1 L 

Ty 

Ar^ E 

B.-hr: 

7, 

A 1 E 

1. 

i 

1 n 
r 

K 

y 

1 7 

I'. + G 

1 7 

I'h 



nucleus and so on. As a first step Tunabe and 
SuganoIS] considered the Coulomb inter- 
action and a crystal field with symmetry 
or 0/,. They calculated energy matrices in 
terms of Kacah parameters IT C and the 
crystal field parameter from which the 
energy levels may be derived. 

The fine structure of these levels has been 
treated by many authors. I'anahe and Kami- 
mura[9) developed a general theory and 
Liehr and Ballhausenf J0| calculated energy 
matrices for d'—d^ in a cubic crystal field 
with spin-orbit coupling included. Euwema 
fill gave spin-orbit coupling matrix elements 
for d" and Dru/hinin et (iL[]2\ calculated 
energy matrices for d". A trigonal crystal 
field has been considered by LiehrfI3| and 
Gladney and Swalen[ 14] ford^ and by Sugano 
and Tanabe[15] and Perumareddi[16| ford'l 

The general method of effective Hamil- 
tonians developed by Tanabe and Kamimura 
[9], however, makes it possible to use the 
most general Hamiltonian, consistent with 
symmetry requirements, giving non-vanishing 
matrix elements. This effective Hamiltonian 
then includes spin-orbit interaction, crystal 
fields of lower symmetry and spin-spin inter- 
action in first and higher order perturbation 
theory. It includes the maximum number of 
possible parameters which may be used in 
the frame of crystal field theory. Moreover, 


since the effective Hamiltonian is set up for 
every multiplet separately, orbital 

reduction may be taken into account. With 
these covalency extensions, the treatment 
can be used to explain the Zeeman effect of 
the optical spectra in nearly all cases f 1 , 1 7], 

2. EFFECTIVE HAMILTONIANS 

The method of effective Hamiltonians may 
not only be used to determine the splitting of 
a given multiplet but also to calculate 
matrix elements between different multiplets 
^‘'^'T and The spin-orbit interaction, 

however, may also give nonvanishing matrix 
elements between multiplets and 
As a first approximation we therefore restrict 
ourselves to the lowest multiplet which 
is determined by Hund's rule. The influence 
of the higher multiplets 
structure of the ground multiplet is neglected. 
This is a good approximation for (3^^) 
ions and for {}d^) ions in ll-VI com- 
pounds. For ions there are no higher 
multiplets at all. 

From this we conclude that the method of 
an effective Hamiltonian constructed from 
tensor operators is adequate for d'-d^ and 
should give satisfactory results for ail others. 
The fine structure of the higher levels 
may also be calculated by the method of 
effective Hamiltonians. 

A magnetic field could be included in the, 
effective Hamiltonian {linear and quadratic). 
However, since the magnetic field removes 
any degeneracy, the resulting energy matrices 
arc usually of such a high dimension, that the 
evaluation of the eigenvalues in terms of the 
unknown parameters is tedious. It is much 
easier to calculate eigenvalues and eigen- 
functions of the effective Hamiltonian without 
a magnetic field and then find the g-factors 
from the eigenfunctions by the operator 

(magnetic field in z:-direclion)l 1 8]. 

The most general effective Hamiltonian, 
invariant under the symmetry group con- 
sidered may be set up by taking products of 
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irreducible orbital tensor operators A'y(l') 
[9, 19], with r = Ai. E, 7’,. and ^(/f,) = 1, 
and irreducible spin tensor operators 
which are defined by: 

V2 

0</x^/C,C,o=r,o,/C>0. 
The Tfifj, are defined by (Racahf20]): 

t’am] = V((/c+/a)(a:±/a + i))7'^^,, 



with S. = 5,, ± iS„. 

Spin tensor operators in terms or.S\ and .S’^ 
may be found in the book of Walanabe[Z I ]. 
Matrix elements of these operators may 
easily be found by using the Wigner-Eckart 
theorem: 


and Ciriffilh[22). The reduction for cubic 
symmetry has been given by Ray (23] Table 
2 shows spin tensor operators up to K = 5 
which transform as basis functions of the 
irreducible representations of the symmetry 
groups considered. It must be remembered, 
that the ::-axis is a twofold symmetry axis for 
0, /^ri and Di while it is a threefold 
symmetry axis for C\u and Oj (trigonal axis). 
For groups O;,, I)^,, and O.w one has to add 
an index ^ to the basis functions. This is due 
to the fact that spin tensor operators trans- 
form under rotations as \Kii) but commute 
with the inversion operator. 

The irreducible orbital tensor operators 
may be divided in imaginary operators Ty[\') 
which may only occur in connection with a 
spin tensor operator or a magnetic field, and 
real operators Fyd ). Their matrix elements 
may also be found by using the Wigner- 
Eckart theorem [9, 24] 

(i>|K,(r)|r'/) 

- (j,)''-(il|rir)!|i ')(iy|iYry> 


(SM\TJSM') = {S\\T,\\S){SM\SM'Kfi}. 

The double barred matrix elements needed 
for transition metal ions are (up to S = 2): 


ai|7M|j)-W3; 

(1||T,||1)- VT; 
aiTj>=iVi5; 
imi) = V?; 


(2||T,||2>- Vh 

(2\m) - \Y\ 

{2||7,||2)=6VI 

m2) = :i 


Matrices of spin tensor operators and 
5 am tnay simply be constructed from those of 

Next we have to look for spin tensor 
operators which transform as the basis 
functions of the irreducible representations 
of the three symmetry groups. These basis 
functions arc defined after Watanabe[21J 


where dy denotes the dimension of the irre- 
ducible representation \\ and the ( Icbsch- 
Ciordan coefiicients may be found for instance 
in reference [8]. The definition of the double 
barred matrix elements depends on the 
definition of the parameters occiiring in the 
etfcclive Hamiltonian, fhey should be chosen 
so as to produce simple eigen value" ol the 
effective Hamiltonian, for d electron^ Ihe 
definition of parameters in terms of one 
particle integrals may then be derived using the 
method and tables of T anabe and Kamimura 
[9], Double barred matrix elements of the 
form (l '||A'(r)||r> arc therefore given b\ : 

(7,||r(/:)||r,) = \^; (7,i!/(7',)tir,> 6 

(7J|F(7’,)H7,)-3\y, 

(Y,(F(£)||7,) - 2V 3; (7 ,i|7'(7 ,)||7',) - /\ ^ 
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Table 2. Spin tensor operators which transform as basis functions of 
irreducible representations of various groups 





T,,0 

Dm. D, 


(h “ C,o 

a = C,, 


flj = C,o 

1 

u = -Sii 

/9-5n 


u—Cii 


12 = Cl, 

7= C,o 


v = S„ 


“ Cji, 



” C20 



i;= Cn 


fc. = C,, 



^=-521 


hs = S<j2 



Cm 


w = Si, 





t’ = “C2, 


~ 

a. - 


tl-j ^ C',0 



«= VTC:,,- 

V|(;„ 

” *5.12 



y9 = -vii',u' 


^2 ” C,32 

K 3 


y ^ c,„ 




1 ^ II 


-vie,, 

- S,4 



rj =-\/iSri 

+ ViS,„ 



= C.,, 

^ = C'.JU 


t>'-' = -ix. 


iir=c,. 

U , — V C 40 -|- C 44 

</,'" = (r„ 


ctr-c,, 

m = -VAG, 

[i+ vifer'j, 




= C,: 


«: = 3 n 



a = ”W\4,- 

- v'Xv,, 

A, = C, 



^ = -vk\, 

+ V5C4, 

h, = s,. 


//"' = r ,2 

r = -Vm 






vi.v,, 




T?-‘-VK'4i 

-vie, 




i ^ ^42 




77, = S-, , 

ti 5,4 


^/| ■' S,4 


, <1) _ 

‘•'i t '^(1 

V = ~S,: 




C,. 

a"'- v-ar,, 

-Vlf\,,+ Vic,„ 

- C,,4 


//”- -.V,, 


hi - 5,2 



y”-c,o 


^2 ~ C32 

K a 

“ >Sf,2 

A(Vii)( 

■,,+ '/lWC„ + VMC:,,) 




/3'^’ = iV vT05 

«-vT6zv„+vm„) 




y ^31 




r'” = c\, 


i ^ iaC,, 4 \ tiC,,, 




T) = V^5v,- 







i'<‘> = 5,, 


All others are zero. Double barred matrix 
elements of the form (ri^||A'(r)||r/x) with 
u > p which are needed here are 

{7,l|^^(7■,)||£) = 2V3.(7',||7■(7■,)l|p 

=-/2vT,(ri||r(r,)||£) = /2V3. 

Double barred matrix elements with 
then not necessary, since one can use the fact 
that matrices of the effective Hamiltonian are 
Hermitian. 


The most general form of the effective 
Hamiltonian may be found by the following 
rules given by Tanabe and Kamimura[9]; 

1. orbital tensor operators alone must be 
real, 

2. spin tensor operators alone must have K 
even, 

3. products of orbital tensor operators with 
spin tensor operators must be either a 
real orbital operator multiplied by a 
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spin operator with K even, or an 
imaginary orbital operator multiplied 
by a spin operator with K odd, 

4. K « 2S for multiplets with spin S. 

Tables 3-5 give the most general effective 
Hamiltonians invariant under the transforma- 
tions of various symmetry groups. The terms 
are listed in order of increasing up to /k = 4. 
For groups O;,, D 4 /, and 0,^ one has to add 
an index g to the subscripts denoting the 
basis function. 

It must be remembered that the theory 
applies not only to ti-electrons but more 
generally to and e electrons. That means 
that only the symmetry properties of the wave 
functions are required here. Thus allowance 
is made for wave functions constructed by 
the LCAO-MO-method and this is an exten- 
sion of crystal field theory taking covalency 
into account. As a consequence more para- 
meters appear, which can only be determined 


by fitting to experimental results. One may 
therefore speak of a ‘semiempirical’ theory ( 1 ]. 

3. ENERGY MATRICES FOR d'.d" IN 
TETRAHEDRAL OR OCTAHEDRAL 
CRYSTAL HELDS 

Energy matrices for these cases have been 
given by Liehr[13] without orbital reduction. 
We include here the most general case. A d' 
ion has only one multiplet, which is split 
by a tetrahedral crystal field into two levels 
with energies: E{^T2)-4Dq. E(‘‘E)^-6Dq. 
The effective Hamiltonian from Table 3 
consists of spin-orbit coupling only and 
vanishes for ^E. For and for configuration 
mixing of the two levels it reads 

=C{UT,)S,+ Ts(T,)S, 

+ Ty{T,)S,) 

H{n2,^E)-l’(UT,)Ss+T,{l\)S, 

+ Ty(T,}S,) 


Table 3. Effective Hamiltonian invariant under symmetry 
groups Tj and 0 

Terms for 5 = i: 

-^(T„(r,)r„ + T„(/-,)S„-HT,(7,)C,„). 

V3 

Additional terms for 5 = I: 


~(l/.(C)C,„-l-F,(f)C,,).-L(L4(7-j)5j,-l-t,(r,)C„fK((T,)5^J. 
V2 V3 


Additional terms for5 = ^ ; 

T{A,)S,, 

ifT'atT.) [ Vjc - V sc „] -r 7„( r, ) [- vis,, - Vj,s„] + T,( 7,)r . 


{ 7, ( T, ) [- v|<- u - V'sc,, ] + r,(T,)[- vjs ,,+visj + r,(T.i C„) 
Additional terms for 5 = 2, 


-1 / 7 


YftT^) [ViVw- vi;.S„] + I 7,1 [-\"iC„- VTC,,] + 7, lS„t , 

V.1 


[-vTs« - vl5„] + T„(7,) [- VK„ + vTc„l + tMT,).S'„) 
V3 
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Table 4. Effective Hamiltonian invariant under symmetry groups Qv ond D 3 


Terms for 5 = 0. 

^.(7*2), 

Additional term*; fori’ - i ; 

~(-UE)S,, + TAK)Cn),^(-T„(T,)Sn + T,.(T,)Cu). 


\-TAT,)S„ + rAr,)Cu). 


V2 

Additional terms fori - I 

V2 V2 

-i( ('„( T,)C,, + y, ( T, )S,, ) , VAT, )C,, - VA T,)S,A. 

\2 \1 

~{K{r,)Cn + yAT,)S,A,-^iyATAC,.-yATAS.A. 

V2 V2 

Additional terms for i “ L 

■^.n> 7 {AAC -u,. / )C ji, Ti\[ / 1 )( K), I 1,1 . 1 i\{ i }] Vi,i« 

V 2 V2 

l(-7„(/',)5,„4 7-,(7,)f„|,4-(7'„«r,).V,^ 4 7,(7, )C,, I, 
\ 2 V2 

L( -7'„( n ).s- „ + r, ( 7 , ) c,„ ) . ^ I /-„ ( /■„ ) s „ 4 7 , ( 7 .. I Cr ) . 
V2 V 2 “ 


Additional terms fori = 2: 

C,„Xu. y{AAS4„ KATAS^. K„in)C„, yAn)C„, 
-^AyAE]Cu + yAE)S,A,-^(VAE)C„-K{E)S„), 

V2 V2 

-^(P'„(£)C« + 7',.(£)5«).-^(l/„(7-,)G,+ ^(T,)S„). 
V2 V2 

^(n(r,)f«-7„(r,)<i«),~(K„(7,)r«4-MT,)5„). 

-UyATAc^,+yATAs^A,-UyATAc„-yATAsj- 

V2 V2 


V2' 


(K„('A)Cn+^;(7'2)^4J 


With the abbreviations: {X stands for k or T ) 


-V„( T; ) - T, ) + A', ( r J -f 7', ) ) , 
V3 


x„{T,)^-r-ix,ir,) +x,{T,)+x,{r,]). 

V3 


V2 


A,(r,) = -W(A'„(7-,)4-A'„(T,)-2^,(7’,)), 
V6 


A'.(r,)=— (A'f(7-,)4-A-„(7,)-2A'i(7,)), 


(72) =--(27,(7, (-A-, (/■.,)) 

V2 


where the factor I/V3 has been included in 
the parameters for convenience, and where 
r,i = Sj.. i'll = i,. Cii, = S, have been used. 
The matrices of the spin operators are simply 
{ times Pauli’s spin matrices, and the matrices 
of the T operators are: 


/-/vT 

hnT,,E:{T„)=\ 0 0, 

\ 0 0/ 

/ 0 o\ /o 0\ 

(■/,)= /V;f -i .(7\)- () 0 

\ 0 0/ V) 2// 


/() 0 0\ 
for'A:{7'„)= 0 0 / . 

Vo -/ 0/ 


/O 0 

(7,)- 0 0 

\i 0 


0 .( 7 ,) = 

0 / 



The definitions of the spin-orbit coupling 
parameters (, C are then as follows: 

^ = -2/(/.,flk(r).s,l42T)i) 
and for pure d electrons one has ^ = C- 
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Table 5. Effective Hamtitonian invariant under symmetry 
f'roups and 


Termbfor5 - 0: 

Additional terms for ~ i 

■y(7'i)C II,, ■' Ci( T| )f I] f T/i(T,),S II ), - r^{7 ;^)Ci) — Tr,i I 

V2 V2 

Additional terms for 5 = 1 ■ 

^(£)C,„. ViA,)C,,, L,(£)r,„ T,{T,)Sn^ 

V 2 V2 

Additional terms for = T 

4-c/'„(7',)C„ + 7-„(7’,)5„),-Lr„(r,)r, 

V 2 V2 

/j)C'ii — I\(T2}S 11 11+ r,)S',,l. 

Additional terms for5 = 2. 

r^„. c„. VAE}C„. i',(T,)s„. t'l+jCn,, K(Eir,2- 

-L( M '/■, )C„ K,( 7', li’a + !'•,( r, )c„) , 

V2 '/I 

-L ( Ki ( 7-.; ) .v„ + ^'„ ( T , ) r 1 1 ) . T + 1 '< ( r, 1 .?« - » , ( 7' . ) c 1, ) . 

V2 - 


The three fine structure energy levels 
17 (^ 72 ), ^ire now given by 

the eigenvalues of the matrix 


After an unitary transformation one finds the 
following energy matrices: (energies of -7. 
and '£■ added) 


1 L; 4D^ -F ^ with eigenfunctions r, c ' 

../4DC/-H 
^'V-Vlc' -h7)c// 


with eigenfunctions 



with 


(abc) - (f + T} + ^ “I 


/ /■ I 


(M 

\() 

\ 3 

-1 

v: 

1 

V6 

\3 

1 

2/ 

^ 1 

\ *> 



\ 

Vh 

\ 3 





and ± denotes :-componenl of spin ±i 
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To find the energy matrices for one 
has to replace Dq, { and by their negative 
values (9]. Energy matrices of an octahedral 
potential are given by replacing Dq by its 
negative value. 


for convenience [9]: 





4. ENERGY MATRICES FOR ci\ IN A 
TRIGONALLY DISTORTED TETRAHEDRAL OR 
OCTAHEDRAI. CRYSTAL FIELD 

These cases have been studied extensively 
by Dietz et «/.[!] and by Liehr[13]. The 
difference in this treatment is that complete 
energy matrices are given here for the most 
general effective Hamiltonians. A new term 
has been included which arises by an interplay 
of spin-orbit coupling and a trigonal crystal 
field in configuration mixing matrix elements. 
The new parameter gives an additional term 
to spin-orbit coupling and represents the 
modification of spin-orbit coupling by the 
crystal field. Schmidkel25], however, has 
estimated this effect and found that it should 
be small for transition metal ions in complexes. 

The parameter which leads to a different 
spin-orbit coupling for and r 4 r.^ levels, is 
therefore presumed to be small compared with 
defined below. 

in a tetrahedral crystal field is considered 
first, the other cases may be found merely by 
changing some signs. The trigonal crystal 
field has symmetry G,.. From Table 4 the 
following effective Hamiltonians are found: 



and the matrices of the orbital operators are 
therefore: 


for = 


for7',:{V'„(7’,))=( 0 -1 o). 

\ 0 0 2 / 

{TAT,)}=~\() 0 ij 

. / 0 0 1 \ 

0 0 - 1 , 

V2Vi ] 0/ 

{To(7-,))=( 0 1 oj 

\ 0 0 0 / 


HAl-)=:DT{A,)S, 

HC-T,) = KVAT,)+UTATAS... 


H{-T,rE) ^ K'VATA + i'ATATASr 
-TAT AS A 
4^ ^[1 Ti)( 


where factors l/VT have been included in the 
parameters, and where = 

Cjo = have been used. The matrices of spin 
operators are simply Pauli's spin matrices 
times i New basis functions are introduced 


forr,.£;{(/„(T,))- Vlfo l), 
\0 0 / 

(T,(r,)) = |-I oj 

oj. 

<ro(7'.)) = V2( 0 ?] 

\ 0 0 / 
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, i ^ *\ The corresponding eigenfunctions are 

{T,.{T,))=i I 0 .{7„(7.,)) = /|l 0 

'I ~v \1 ~U /Ijt, — i^\ /I r i 


The definition of the parameters is: 'O'" 1 „ : 

D = {eu+\t(A-i) \eu+) 

(this parameter must not be confused with D forr^r.,:|' 
in Dq) ^ 


/U. -3)\ /\x i) 

forlV Ui, and |;r„ 4) 


«. 4)/ Vl«- i) 


. ,/ak4)-i3|x_-i) 

^ ■’■I l/ci> 


K— (to-f+l i^ii( Tj) I t2jc^ ) 

^11 ~ ~2(/2A'^i|^J/(||/2■f■^ J) 

= -2(OJr4k('')i'2l^|t2Jr+i> 




((i\xA)+a\x--i) 







c = -{tixAlsjA 7'. ) - \y/ J 7'.) \eu.. - i) 

The 5 doubly degenerate fine structure 
energy levels 

are then given by the eigenvalues of the 
Ibllowing energy matrices 


To find the energy matrices for all para- 
meters have to be replaced by their negative 
values. Energy matrices for a trigonal distorted 
octahedral potential are readily found by 
replacing Dq by its negative value. 

5. ENEROY MATRICLS FOR d\ J* IN A 

tetragonaixy distorted tetrahedrak or 

OCTAHEDRAL CRYSTAL FIELD 
in a tetragonally disloited tetrahedral 
field is considered first. The most general 
effective Hamiilonian invariant under the 
symmetry group 7).^ is then after Fable 5 with 
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respect to double barred matrix elements: /O 0 \ 

(T,(7,)) = -/ -/V3 . 

Hm = DV„{E) \0 0 / 


H{%) = FK,(E} + ix{Uh)S, 

+ U1\)S,) + CJy{T,]S, 


The definition of the seven parameters is 
D = -{eu\v„(E)\eu) 


H^T-x.-E) = CAUT,)SAh{T,)S,) 

+ mT,)S, 

+ a(T({T.x)S,-Tr,(Tx)S,). 

Again the parameter arises from the modi- 
fication of spin-orbit coupling by the crystal 
field and is expected to be small compared 
with In the effective Hamiltonians, factors 
1/V2 have been included in the parameters, 
and = = Ch) = 5, have been 

used. The matrices of spin operators are 
simply Pauli s spin matrices times 1 and the 
matrices of the other operators are: 


lx = 2{ts\tas.+iixs,m~h) = 2{t,aic('-) 

Cl = -2<^2»?i|/«( T"! )‘fx + /s ( 2'i t' - i) 

Cl = -2(^2i9ilC('')(lj'5j-+ 1 

Cil =-'X'2Cikv(2'i)s2|fi4) 

= -'Xf2Ci|CWlAl«'i’i> 

C()=2(/2T?i!'f(7'2)S^-^(7'2).V„l<’M~i). 


for E 


;(1', (£»=■(';!) 


/-I 0 0^ 

for 7, ; (F„(£)) = 0 -1 0 

\ 0 0 2^ 

/() 0 fl\ 

(7„(7,))- 0 0 / .(7,(7,)) = 

\0 0 / 

/ 0 y o\ 

(7,(7,))= -/ 0 0 
\ 0 0 0 / 

/-/V3 -(\ 

for7.2,£; (7„(7.))= 0 0 

\ 0 ()/ 

/ 

(7,(7,))= /V3 -/ 

\ 0 0 / 

/o 0\ 

(7,(7,))= 0 0 

\0 2 // 

/-/ iV3\ 

(7^(72))= 0 0 . 

\ 0 0 / 


/fl 0 (■ ' 
0 0 0 
\i 0 0 , 


The five doubly degenerate fine structure 
energy levels TfiC^E:), y,i{'‘T.x), I’jl^E), 
r7(^72), I’7(^7’2) ate then given by the eigen- 
values of the matrices: 


II: 


4Dr/-F-H„ -Vfcl— ^C;, 


A 


-Vi'cl 


■V2 


V2^ 
c;, -6/)c/-D 


/ 


UOq-F + ^l, +-^lx 


J_ 

'v^ 


cl + Vic; 




-^Ci ^Oq + 2 F -tc,; 


\-^Cl + Vlc; 'CiI ~f>Dq+D 
The corresponding basis functions are: 




|«-i) 


and 


\ i«i) / 
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To find the matrices for all parameters have 
to be replaced by their negative values. Energy 
matrices for a tetragonally distorted octa- 
hedral potential are readily found by replacing 
Dq by its negative value. 

6. ENERGY LEVEL DIAGRAMS FOR 
CENTERS 

The energy levels of ions (3^'') in a 
tetrahedral coordination are: 


£■(!'«('£))= D(/ + If + iVl ( 1 0 )' + 6^ '" ) 


- bDq + 




20 Dq 

FA\\(^T,)) = Dq + X 

-iV{{[0Dq-^^y^ + X'-^) 


= -4Dq + X' 


20 Dq 



hig. 1. Energy level diagram of C u^* jn tetrahedral 
coordination 


t:{i\[\,{n,)) = -4Dq+ii 




\0Dq 


E{yS-T,))=-4Dq+'ji 




where { 10 Dc/ have been used 

to simplify the square roots. An energy level 
diagram is given in Fig. I. 

The energy levels of Cu^"*^ ions {3^/ ') in a 
trigonally distorted tetrahedral coordination 
are approximately: 

E{\\m)=(yI)q^iD 

+iok 

E(\\l\m) = 0Dq-iD 


E{\\C^r,))^-4Dq-^ 

where 

\{\Dq,i' =C-C<^ 10 Dt/. 

have been used. The energy level diagram for 
this case is given in Fig. 2. 

The energy levels of Cu-* ions (3r/‘*) in a 
tetragonally distorted tetrahedral coordination 
are approximately: 

E(\\;m)=0Dq+D + -^^ 
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Abstract- A detailed comparison of shock wave and static compression data for alkali metals reveals 
serious inconsislcncics above 40kbar. The reduction of shock wave results is reviewed, and the 
Bridgman high- pres so re data on the alkali melals are described, It is shown that the most likely cause 
of this disagreement is inaccuracy m the static high-pressure data. 


INTRODUCIION 

It is gfnfrally believed that the pressure- 
volume compression relationships for solids 
has been reliably determined by experiment 
below lOOkbar because of the reasonable 
agreement between high pressure compression 
data from both static and dynamic com- 
pression techniques. The conclusion was 
reached, for instance, on the basis of the 
consistency of X-ray compression datafl] 
when normalised to the shock compression 
of several different melals. Such comparisons, 
however, have been restricted mainly to 
solids of moderate to-small compressibilities. 
Because of the great importance of the highly 
compressible alkali metals in solid-state 
physics, attention should be called to the 
fact that static and shock compression data 
on these metals below 100 kbar are in obvious 
and serious disagreement. 

This situation is illustrated in Figs. 1-4 
wherein Bridgman’s isothermal compression 
data of 1948[2] for Li. Na, K and Rb are 
compared with the locus of shock com- 

*Work peiibrmed under the ausplce^ of the U.S. 
Atomic Energy Commission Publication # 695. Institute 
of Geophysics and Planetary Physics. University of 
( aliforniu. Los Angeles, Calif 90024, U S.A 


pression points (the ‘Hugoniof curve) 
obtained by Rice[31 and Bakanova et u/.[4|. 
A similar data comparison for Cs is not 
included because of the complication of two 
first-order solid-solid phase transitions at 
low prcssure[2]. The two sets of shock com- 
pression data are in agreement except in 
the case of Li. The higher compressibility 
of Li as shown by the Russian data is not 
understood, but for the present purposes it 
may be overlooked since it only increases 
the disagreement we are pointing out. In all 
cases the shock compression data and 
Bridgman’s isothermal data are nearly co- 
incident. with Bridgman reporting slightly 
lower compressibilities in all cases. Recently, 
additional static compression measurements 
have been made at several temperatures on 
sodiuml5] and polassiumI6] up to 20 kbar. 
as well as ultrasonic velocity measurements 
up to I0kbar[7,8]. However, it appears 
that the extrapolation of these data to the 
range of 50- 100 kbar cannot be done with 
sufficient accuracy to be useful in our data 
comparison. Below 50 kbar the various sets 
of data are consistent w'ithin experimental 
error. 

In the case of highly compressible solids 
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I ) C ompapjson o\' Hridymitn isolhcrmiil comp/ession data with shock data and calculated 

isotherms for lithium 


like the alkali metals, a large thermal cor- 
rection must he made to the shock Hugoniot 
to obtain a 25*^0' isotherm for comparison 
with the Bridgman's data. The irreversible 
heating that occurs upon shock compression 
causes the temperature along the Hugoniot 
to increase with compression. Assuming that 
the compressed state of the metal behind the 
shock front is a state of thermodynamic 


equilibrium, the calculated shock tempera- 
tures are not a sensitive function of the 
assumed thermal equation of state of the 
metal. The increase in shock temperature with 
compression, as calculated from Rice’s data, 
is seen in Tables 1-4 to be very rapid for these 
compressible metals. 

The reduction of a Hugoniot to yield a 
25°C isotherm, however, depends sensitively 
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f ig. 2 Comparison of Bridgman isothermal compression data with shock data and calculated 
isotherms for sodium. 


on the assumed equation of stale, as is illus- 
trated in Figs, 1-4, by the large differences 
between the zero degree isotherm calculated 
with different theories by the Russian experi- 
menters and by Rice from very similar data. 
As we shall later argue in some detail. Rice's 
estimates of the 0° or 298°K isotherms for 
the alkali metals, although in considerably 
better agreement with Bridgman data, do 
not appear to have any reasonable basis in 


theory and are likely to be incorrect. Using 
Rice's data, we also calculate by a somewhat 
different theory an isotherm which is in- 
distinguishable from the Russian curves 
(except for Li). The disagreement between 
the Russian and Bridgman isotherms is 
extremely large, averaging to - 30 kbar at a 
pressure of 1 00 kbar. Specifically, the pressure 
differences systematically increase with 
compression for each element and increase 
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0. M O-V/' 0-«] O'AH 0-76 0-84 0-92 1-00 


I ^ ( onipan^.on ot Hiiclj’rntin isothermal compression daui with shock data and calculated 
isolheims foi potassium 

with the inilial ainiprcssibility of ihc melaf. (9(b)] exlended his maximum pressure 
Such discrepancies are outside the range of to 20kbar in l,i, Na, and K. In these experi- 
quoted experimental error and unusually ments, he measured the difference between 
large m view o)' the general agreement found Ihc compressibility of alkali metals and 
for the less compressible eiemenls[ 1 ]. the compressibility of iron. Shortening 

of a test specimen was observed by motion 
hrii)(;man data on alkali mktals of a lever along a slide wire potentiometer 
It is important at this point to briefly review inside his press. I hc pressure was deter- 
the consistency of Bridgman's measurements mined by reading from a manganin cell 
of the compressibility of the alkali metals, pressure gauge. Lever arms were used to 
Bridgman! 9(a)] first reported data on the magnify the apparent motion of the sample 
compressibility of the alkali metals in 1922. as it shortened in length. 

The maximum reported pressure in these The measurements reported in 1935 differed 
experiments was 12kbar. In 1935, Bridgman sharply from the earlier 1922 measurements 




COMPRESSIBILITY OF AI.KALl METALS 


2095 



g1 I I t 1 1 [ 1 1 1 1 1 I ■ ■ ■ I I } 

0-36 0-44 0'52 0-60 0*68 0*76 0*84 0-92 LOO 


l ig. 4 ( ompanson of Bridgman isothermal eonipression data with shock data and calculated 

isotherms for rubidium 


where the data overlap. Much of this change 
was found to be due to an error in reduction 
of the earlier data. Considerable difficulties, 
however, were encountered in measuring 
the compressibility of the alkali metals even 
to 20 kbar. Unfortunately, the pressure- 
transmitting medium becomes quite viscous, 
and permanent deformation of his samples 
took place resulting in nonlinear readings. 

Bridgman [9(c)] again reported on com- 
pressibility of the alkali metals having ex- 
tended his range to 45 kbar. Bridgman’s 
45-kbar measurements were made by 


observing motion of a piston which com- 
pressed a sample approximately ^in. dia.x 
[{ in. long, sheathed in lead. Dilation of the 
cylinder was obtained by assuming a com- 
pressibility of iron. Results from this apparatus 
gave compressibilities slightly smaller than 
previously determined. Potassium is reported 
to have a compression of 0*2764 at 20 kbar in 
1934, and is reported in 1937 as 0*268. The 
change is only a little more than 3 per cent. 
Unfortunately, it is difficult to evaluate the 
precision of these measurements, as Bridgman 
does not give his low-pressure results. He 
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Table 1 . Calculated properties according to DM theory for lithium 


K/Vo 

I'emperature 

(0“K) 

Gamma 

/-(O) 

(mh = 10’ kbar) 

P{29»} 

(mb) 

f(HUG) 

(mb) 

0-95823 

3- 1495 X 10^ 

1-2453 

0 00048 

0-00500 

0-00515 

092165 

3-3145 

1-1935 

000563 

0-01000 

0-01054 

0-89102 

3-4786 

1-1537 

0-01074 

0-01500 

001591 

0-86421 

3-6496 

M225 

0-01583 

0-02000 

00213! 

0-84052 

3-8319 

1-0976 

002090 

0-02500 

002673 

0 81928 

4-0284 

1-0773 

002595 

0-03000 

003220 

0-80006 

4-2407 

1-0605 

003099 

0-03500 

0-03771 

0-78251 

4-4701 

1-0465 

0-03603 

0-04000 

0-04327 

0-76636 

4-717! 

1-0340 

0-04106 

0-04500 

0-04888 

0 75145 

4-9823 

1-0231 

004608 

0-05000 

0 05455 

0-72457 

5-5675 

1-0041 

0-05613 

0 06000 

0-06606 

0 70097 

6-2266 

0-9876 

0-06617 

0*07000 

0 07781 

0 679% 

6-9593 

0-9725 

0-07621 

0-08000 

0-08980 

0-66106 

7-7651 

0-9584 

0-08625 

0-09000 

0-10204 

0-64391 

8-6430 

0-9452 

0-09628 

0-10000 

0-11452 

0-61385 

1-0615X lO’’ 

0-9209 

0-11635 

0-12000 

0-14024 

0-58812 

1-2870 

0-8991 

0-13641 

0- 14000 

0-16696 

0-56576 

1-5408 

0-8795 

0 15646 

0-16000 

0-19472 

0-54602 

1-8226 

0-8617 

0-17651 

0-18000 

0 2235! 

0-52840 

2-1326 

0-8455 

0-19655 

0-20000 

0-25337 


I able 2. 

C alculateJ properties 

according to DM theory for sodium 

VIV, 

I emperalure 
rK) 

Gamma 

pm 

{mh= lOHbar) 

P(298) 

(mb) 

/’(HUG) 

{mb) 

0 93072 

3-3138 X 102 

1-3679 

0-00118 

0-00500 

0-00527 

0-87816 

3-6374 

I -29 10 

0 00624 

O-OIOOO 

0-01076 

0-63704 

3-9838 

1-2423 

0-01126 

0-01500 

0-01629 

0 80327 

4-3731 

1-2099 

0-01626 

0-02000 

0-02191 

0-77464 

4-8149 

11870 

0-02124 

0-02500 

0-02764 

0-74982 

5-3142 

I 1698 

0-02621 

0*03000 

0-03349 

0-72794 

5-8740 

M558 

0-03118 

0-03500 

0-03947 

0-70841 

6-4958 

1-1436 

0-03616 

0*04000 

0-04558 

0-69079 

7-1806 

1-1325 

0-04113 

0-04500 

0-05183 

0-67476 

7-9286 

1-1221 

0-04611 

0-05000 

0-05822 

0-64655 

9-6163 

M025 

0-05607 

0-06000 

0-07142 

0-62235 

M560X 10' 

1-0841 

006605 

0-07000 

0-08519 

0-60124 

1-3761 

1-0668 

0-07603 

0-08000 

0-09954 

0-58255 

1-6219 

1-0505 

0-08602 

0-09000 

0-11449 

0-56584 

1-8938 

1-0353 

0 09601 

0-10000 

0-13005 

0-53700 

2-5167 

1-0078 

0 11600 

0-12000 

0-16305 

0-51280 

3-2475 

0-9837 

0-13599 

0-14000 

0-19868 

0-49204 

4-0903 

0-9622 

0-15599 

0-16000 

0-23709 

0-47393 

5*0501 

0*9430 

0 ( 7599 

0-18000 

0*27845 

0-45792 

6-1319 

0-9255 

0 19599 

0*20000 

0-52294 
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Table 3. Calculated properties according to DM theory for potassium 


F/Ko 

Temperature 

(V”K) 

Gamma 

P(0) 

{mb = 10^ kbar) 

F(298) 

imh) 

FIHUG) 

(mb) 

0-87789 

3-5856x 10* 

M928 

0-00291 

0 00500 

0-00535 

0-80160 

4-2622 

M093 

0-00790 

001000 

0-01088 

0-74681 

51265 

1-0661 

0-01287 

0-01500 

001659 

0-70421 

6-2120 

1-03B5 

0-01782 

002000 

0-02252 

0-66950 

7-5286 

1-0169 

0-02278 

002500 

0-02870 

0-64034 

9-0794 

0-9978 

0-02774 

0-03000 

0-03512 

061529 

1 0864X 10“ 

0-9801 

0-03271 

0 03500 

0 04179 

0-59342 

1-2882 

0-9635 

0-03768 

0 04000 

0-04873 

0-57404 

1-5133 

0-9478 

0-04266 

0-04500 

0 05591 

0-55671 

1-7617 

0-9331 

0-04764 

0-05000 

0-06336 

0-52679 

2-3285 

0-9062 

0-05761 

006000 

007907 

0-50169 

2-98% 

0-8824 

0-06758 

0-07000 

0-09588 

0-48017 

3-7469 

0-8612 

0-07756 

008000 

0-11384 

0-46139 

4-6027 

0-8422 

0-08754 

009000 

0 13301 

0-44480 

5-5600 

0-8249 

0-09752 

0-10000 

0 15344 

041661 

7-7943 

0-7946 

0-11749 

012000 

0-19835 

0 39334 

1-0485 X 10^ 

0-7685 

0- 13746 

0-14000 

0 24911 


Table 4. Calculated properties according to DM theory for rubidium 


VIVo 

Temperature 

(O^K) 

Gamma 

P{0) 

[bm = 10^ kbar) 

P(298) 

(mb) 

P(HUG) 

(mb) 

0-83762 

3-9226 X 10* 

I-2I90 

0-00340 

0-00500 

000544 

0-75022 

5-0554 

M42I 

0-00835 

0-01000 

0-01118 

0-69098 

6-5794 

1-1060 

0-01328 

001500 

001728 

0-64649 

8-5349 

1-0791 

0-01822 

0-02000 

0-02380 

0-61114 

10935x 10^ 

1-0548 

0-02318 

0-02500 

003074 

0-58199 

1-3778 

1-0321 

0-02814 

0 03000 

0 038 II 

0-55733 

1-7075 

1-0110 

0*03311 

0-03500 

0 04594 

0-53603 

20831 

0-9916 

0-03808 

004000 

0-05423 

0-51735 

2-5055 

0-9736 

0-04306 

004500 

0-06299 

0-50077 

2-9760 

0-9571 

0-04804 

0-05000 

007226 

0-47241 

4-0658 

0*9276 

0-05800 

0-06000 

0-09238 

0-44884 

5-3660 

0-9019 

0-06797 

0 07000 

0- 1 1476 

0-42878 

6-8915 

0-8792 

0-07794 

O-OdOOO 

0 13960 

0-41139 

8-6634 

0-8589 

0-08792 

0-09000 

0-16716 

0-39610 

1 -0702 X 10' 

0-8404 

0-09790 

0-10000 

0- 19769 

0-37024 

1-5682 

0-8077 

0- 1 1786 

0-12000 

0 26890 

0-34902 

2-2084 

0-7793 

0- 13784 

0-14000 

0-35616 


merely states low-pressure results were 
‘adjusted' [9(c)] to agree with earlier values 
obtained at 10,000 kg/cm. 

Results to 100,000 kg/cm^ were published 
by Bridgman [9(d)] in 1941. In these parti- 
cular experiments, measurements were made 
in a carbide cell immersed in isopentane 
which could be compressed to 25-30,000 bar. 
The diameter of his sample was Ain., the 


total length of the .sample was under iin. 
In this apparatus, internal pressure was 
measured electrically by changes in resistance 
of a hardened steel grid, and piston displace- 
ment was obtained through remote readings 
with an Ames dial gage. Dilation calibrations 
in this apparatus was measured by assuming 
a compression of gold extrapolated to 
100,000 atm from measurements made only 


m 
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to 1 2,000 atm. Double values of friction of as 
high as 20 per cent were reported in these 
measurements, Bridgman reported a final 
accuracy for these numbers between I and 
2 per cent. It is clear that Bridgman's pressure 
measurements were not good in this ap- 
paratus as he reported a transition in barium 
at 60kbar which is now known to lie at 
55 kbar. and reported a transition in bis- 
muth at 90 kbar which is now known to lie 
at 77-5 kbar. Thus, his error in measuring 
pressure was 1 0-1 5 kbar at values of ap- 
proximately 100 kbar. Further, all of 
Bridgman's measurements on the alkali metals 
were made with the alkalis in copper capsules 
which occupied two-thirds of the total volume 
of the system. Rigidity of copper is large and 
there is no evidence that a satisfactory frac- 
tion of the pressure generated inside this 
apparatus was actually transmitted to the 
alkali metal. The compressibility of copper 
which enters as a first-order correction to 
his resulls was extrapolated to 100 kbar from 
results of 12 kbar. The new data on the alkali 
metals obtained in this apparatus were 
normalized to the earlier 45 kbar data. How- 
ever, the slopes of the compressibility curves 
are quite different and the two sets of curves 
meet at a rather sharp angle. Further, there is a 
suggestion that there is an uncertainty of at 
least 10 per cent in the amount of the alkali 
metal present. Bridgman says that "the volume 
of the alkali metal found (by measuring the 
dimensions of the charge) in this way agreed 
within 10 per cent with less accurate volumes 
given by weighing." In this apparatus 
Bridgman’s raw' measurement of the com- 
pression of potassium at 50 kbar were 
AF/F„ of 0'462 in contrast to his earlier 
measurements of 0-4I6. The raw data from 
the lOOkbar set of measurements, however, 
were ‘normalized’ against his earlier 50 kbar 
(45 kbar) measurements. 

Bridgmanl9(ell published new measure- 
ments of the alkali metals to 100 kbar. These 
new measurements Involved a certain amount 
of modification of the method for measuring 


displacement of the piston. However, the 
technique and apparatus were essentially 
similar to his previous 100 kbar measure- 
ments. In these new measurements on the 
alkali metals, aluminum sheaths were used 
rather than the copper sheaths of the previous 
determinations, Bridgman’s new volume for 
the alkali metals at 1 00,000 kg/cm^ contrast 
very markedly from his previously published 
values. The earliest 1 00,000 kg/cm^ value 
for potassium was AK/Fo- 0*573: whereas 
his newer, and presumably, better value is 
0-500. Rubidium was changed from an initial 
value of AF/F„ of 0*638 at 100 kbar to a value 
of 0*527, with correspondingly large changes 
for the other alkali metals. In general, the 
newer sets of measurements show a revision 
downward in the compressibilities of 10- 
20 per cent from the prior measurements. 
Unfortunately, from the point of view of the 
shock wave results, these revisions are in 
the wrong direction, as the first and presumably 
the least accurate set of compressibility 
measurements show closest agreement to 
shock wave densities computed from the 
model outlined in this paper. 

Thus, in view of the fact that Bridgman 
revised earlier numbers by 20 per cent in 
AF/F„ on a number of occasions where newer 
data overlapped older data at the upper end 
of a pressure range, disagreement between 
Bridgman's results and shock wave results 
of this magnitude should, perhaps, not be so 
surprising. 

REDICTION OF HUC.ONIOT DATA 

The source of the differences in the reduc- 
tion of the Hugoniot to the isotherm between 
Rice and the Russian group can be easily 
understood without resort to numerical 
calculations in terms of thermal equation of 
slate of the metal. Where the thermal pressure 
of the metal is much less than its low-tempera- 
ture bulk modulus at the same volume, it may 
be taken to be proportional to the thermal 
energy according to the accepted Mie- 
Griineisen equation of state for solids. 
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Experimentally, the Griineisen coefficient 

= \(8PI8E)v is found at not too high 
temperatures to depend only on the volume 
according to a function which is characteristic 
of the material A good first-order estimate 
of the thermal energy along the Hugonioi 
can be obtained directly from the shape of 
the Hugoniot in the P-V plane. The usual 
steady-state conservation conditions across 
a shock front imply that the change in total 
internal energy in shock compression is equal 
to the area of the triangle formed by the initial 
state, the shock state, and the P = 0 line in 
the P-V plane. On the other hand, the gain 
in lattice potential energy is approximately 
the internal energy gain along the isentrope 
through the initial point which, in turn, is 
simply the area under the isentrope, or 
approximately the area under the Hugoniot. 
Thus the thermal shock energy is approxi- 
mately the area between the Hugoniot and a 
straight line connecting the initial and final 
states, independent of the precise form 
of the equation of state. In the range where 
the solid has a constant molar specific heat 
of 3/?, an approximate shock temperature 
is thereby determined. However, to evaluate 
the thermal pressure arising from this thermal 
energy at any particular density along the 
Hugonioi. additional information is required 
in the form of an estimate of Griineiscn's 
yi, for the material at that volume. 

Rice's estimate ofy,;(K) along the Hugoniot 
was apparently based on the then most exten- 
sive high-pressure thermodynamic data on 
alkali metals, which was the work on Na by 
Beecroft and Swenson[5|. In their analysis 
of the behavior of the compressibility along 
different isotherms, the latter authors con- 
cluded that their low-pressure data could be 
represented most economically by an iso- 
thermal compressibility which was indepen- 
dent of temperature. This assumption, applied 
to the adiabatic compressibility and com- 
bined with the Mic-Griineisen equation of 
state, predicts a simple, explicit volume 
dependence for jc which is independent of 


the shape of the zero-degree isotherm, 


yr;(T) 


VjV 


( 1 ) 


where >0 - 7 f;(K))‘ This volume dependence 
for Na is shown in Fig. 5 where yr, is seen 
to decrease to very small values at high 
compression. By thus legislating y(, to be 
small. Rice’s calculated zero-degree iso- 
therm is forced to be close to the Hugoniot 
at high compression, as shown in Figs. 1-4. 
However, as we shall argue below, such 
small values of y are not to be expected for 
these alkali metals on the basis of conventional 
theories for the thermal properties. More- 
over, Monfort and Swenson f6| have more 
recently concluded that the analysis of the 
static Na data was faulty on the basis of a 
comparison with newer ultrasonic data. 

-Since a complete theory of the thermal 
equation of state of metalJic solids is not 
available, it has been necessary in inter- 
preting shock data to resort to rather crude 
approximate phenomenological theories for 
calculating the volume dependence of the 
Griineisen coefficient, yr,. A brief revievv 
of these theories is therefore useful in order 
to clarify our reasons for using them in the 
analysis of the alkali metal data. 

The thermal properties of the monatomic 
metallic solids are thought to consist of two 
independent additive components arising 
from thermal excitations of lattice vibrational 
modes and electron.^, The electronic com- 
ponent is generally negligible at pressures 
below lOOkbar and will be ignored (see 
below). In theories for the lattice com- 
ponent, y^; is related to (he shape of the 
zero-degree isotherm P^iV). By making 
simplifying approximations in standard 
models of the thermal behavior of solids, 
a single formula fory^ can be obtained. 

/-2 ldlnld(P,F-^^=>)/dT] 


from the Debye, lattice dynamic, and Finstein 
(or Tree volume’) models for / = 0. I and 2. 
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J jg 5 VijritHis csumales ot ihe volume dependence ofyr,. DM, Dugdalc-MacDonaid formula. /= 1; 
I'V. trcc-volumc, t - I, H, Rice's form, Tf , Thomas-Fcrmi model, Swenson, thermal data of [5]: IG, 

Ideal gas value of t 


respectively. These cases are identified with 
Slater (Si.) and Dugdale and MacDonald 
(DM) who first derived the cases i = 0 and 1 
respectively, and the case t — 2 is denoted 
here as the free-volume (FV) approxima- 
tion! 10|. When combined with the Mie~ 
Griincisen equation for the energy En[V) 
and pressure along the Hiigoniot. i.e. 


_ Pu[V)-P,(V) 
En[V)-E,{VY 


(3) 


Fquation (2) can be numerically solved to 
obtain /^o(F) andy(;(F). 

In spite of the approximations involved, this 
approach has proved very useful in obtaining 
7 ,.(K) and P^iV) from shock data on the 
monatomic solids. The calculated behavior of 
Pi)(y) is nearly identical in typical solids for 
the SF, DM and FV approximations and, as 
noted previously, in agreement with static 
X-ray compression data on the less compres- 
sible solids. The similarity in the calculated 


functions PaiV) is, in turn, a result of the fact 
that calculated values of yvXV) for the 
different forms of equation (2) differ usually 
by decreasing amounts with increasing com- 
pression. This is illustrated in Fig, 5 where 
the DM and FV values of for Na are 
compared as functions of volume. The largest 
differences occur near/^(,( Fq) = 0 where it can 
be shown directly from equation (2) that for 
the DM and FV formulas yiAV^) is respec- 
tively i and § less than its value according 
to the Slater formula. However, at low 
pressures and small compressions where 
these differences iny are largest, the Hugoniot 
and the isentrope through the initial state can 
only differ by very small amounts (of third 
order in the compression). At higher com- 
pressions, the differences between the 
calculated y are small enough to result in 
nearly the same thermal pressure corrections. 
Tables 1-4 present the results of the DM 
calculation for Li, Na, K and Rb, using the 
experimental data of Rice. The calculated 
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0°K isotherms are also plotted in Figs. 1-4 
and are seen to be in close agreement with the 
Russian calculations. A constant specific heat 
of 3R has been assumed, and the 298°K 
isotherm Fi,m( 298®) has been calculated for 
comparison with Bridgman data. The differ- 
ences between this isotherm and that for the 
SL and FV approximations are indicated in 
Table 5 in the range 50-l00kbar. The 
discrepancy between Bridgman’s isotherm 
and PnM(298°) is also tabulated and is seen 
to be an order of magnitude larger. Therefore, 
the three approximations for the lattice yv, 
expressed by equation (2) show the same large 
inconsistency with Bridgman’s compression 
data. 


numbers of the solid metallic elements(l I], 
The best average fit is obtained for the DM 
approximation where it was found that over 
a range of thermodynamic values from 1 to 3, 
7 f; was fit on the average to ±10 per cent using 
shock wave data [10]. The fit is somewhat 
belter when ultrasonically measured values of 
the pressure variation of compressibility are 
used. For certain groups of elements it is, 
however, possible to get belter fils for the 
other values of f, and a reasonable recipe for 
analyzing the shock data for these cases is to 
use the value of / in equation (2) which 
produces the zero pressure agreement with 
thermodynamic data. The FV formula gives 
best agreement for the alkali metals as can 


Table 5. Comparison of values of and P(298°) isotherm calculated 
in SL, DM and approximation from shock data. Differences from the 
DM 29i°K isotherm are shown for SL and FV as well as Bridgman data 
in the range of densities corresponding to shock pressures from 50 to 

mkhar 


Wat. 

y,! 

rsi 

XnM 

yv\ 

Pn~P UM 

^ SL 

(kbarat298") 


Li 

0-81 

1-54! 

1-208 

0-975 

1-3 

1-2 

8-16 

Na 

1-17 

1-817 

1-484 

1-151 

1-3 

1-3 

10-24 

K 

1-23+ 

1*719 

1-386 

1*053 

2-4 

1-3 

11-30 

Rb 

1-06 

1-797 

1-464 

1-131 

2-5 

1-3 

19-39 


^Thermodynamic data in [3]. 

t Vanes from 1 ■05-1-23, depending on thermal expansion coefficient. 


in their reduction of Hugoniot data, the 
Russian group has also made use of the DM 
equation in a somewhat different way. The 
DM form of equation (2) is integrated, 
assumingy^; has the form 


y(i(y) 


yc{Vo)-i 



and the value of M is chosen which predicts 
a Hugoniot in best agreement with the data. 

Use of equation (2) is further justified by the 
significant correlation of calculated y^ at zero 
pressure with thermodynamic values of 
V{dPldE)y over the whole range of atomic 


be seen in Table 5. In addition, shock wave 
data on metals, together with the above 
theory, show initially decreasing with 
compression at a rate which is consistent with 
rates derived from the variation of melting 
temperature with pressure or the temperature 
dependence of the elastic constanls[12] 
where such data exist. 

The mathematical reason for the similarity 
of the solutions of the various equations (2) 
foryt; is as follows; When P^i{V) varies as 
then equation (2) shows that y^, = 
independent of /. On the other hand, 
there is an increasing tendency for the 
pressure along the experimental 0°K isotherm 
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to have a power law dependence of volume, 
as is seen when the P-V experimental 
isotherms are displayed in a In -In plot. This 
volume dependence is also observed in a 
Thomas-Fermi equation of state for the 
zero-degree isotherm of the elementsfKl] at 
high compression. In the latter theory, the 
pressure of the atomic electron gas slowly 
approaches a volume dependence of in 
the limit of high compression for which 
equation (2) implies y^;, the idea! gas value ^ 
t In a more correct calculation of the lattice 
modes in a Thomas-Fermi picture! 14), 
y,i decreases very slowly with volume from 
values -- 1 a! normal densities to a high 
compression limit of i The results of this 
calculation for y^, are also shown in Fig. 5 
for comparison with the other estimates of 
Ihus all theories predict to be con- 
siderably above the value Rice has used in the 
vicinity otTwo-fold compression. 

The closeness of the Thomas-Fermi 
estimate to the thermodynamic y^; reflects 
the similarity of the rhomas-Fermi model of 
the Na atom in a solid to the Bardcen-Fuchs 
force model which is used to explain many 
normal properties of the alkali metalsl7,8|. 

I he Russian group also find theO^'K isotherm 
calculated from the Bardeen model in close 
agreement with the isotherm obtained from 
shock data on Na and K. When the compres- 
sion becomes sufficient to cause additional 
energy bands of the alkali atoms to overlap, 
a more complicated behavior than shown by 
either the Bardeen model or the I F curve in 
Fig. S can be expected. Such effects are 
presumably already present at normal density 
in other metals exhibiting larger values of 
y, such as the noble metals. In these other 
metals, the interatomic forces, both attractive 
and repulsive, depend on higher powers of 
the interatomic spacing. However, all com- 
pression data on the alkali metals are smoothly 
varying and show no evidence of new force 
laws. Also, the systematics of changes of 
electronic configuration with pressure which 
are shown by nearby elements in the periodic 


table(l5J do not indicate such a change in 
these alkali metals in the range of compres- 
sion.s discussed here. 

7'here is an additional thermal component 
of the equation of state arising from electronic 
excitation in the solid which, however, plays 
a minor role in the data below lOOkbar. This 
component was introduced by the Russian 
authors |4] mainly because of its importance at 
much higher pressures. A free electron model 
for electronic pressure P,. suggests a value 
of i for F(dP^/d£J. However, this value is 
so close to the lattice values of the alkali 
metals that the net change in the thermo- 
dynamic y is entirely negligible below 
!()0 kbar. 

In our analysis, there remains a possible 
source of error which is currently under 
investigation. It arises from the fact that all 
measured Hugoniot points in Figs. 1-4 for 
the alkali metals are actually above the 
melting line. A more complicated equation of 
state is therefore necessary to account for 
the heal of fusion and the additional tempera- 
ture dependence of thermodynamic quantities 
in the liquid state. In the past, such correc- 
tions have not proved significant, but their 
importance for the compressible materials 
should be checked. 

On the basis of these arguments, the 298° 
isotherm obtained from shock wave data for 
the alkali metals should be reliable to ~ 5 per 
cent. In view of the much larger disagreement 
with static data and the scatter in Bridgman 
data, it appears desirable to rccheck the 
static compression data for the alkali metals, 
particularly above 40 kbar, by improved or 
different techniques to .see if unexpected 
thermal behavior does exist below 100 kbar, 
or if unexpected systematic errors are present 
in the shock wave data. 
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TECHNICAL NOTES 


Equilibrium concentration of impurity- 
vacancy complexes 

{Recfived 13 December 1968) 

In recent years the transport properties of 
alkali halide crystals have been discussed in 
terms of five defects, i.e. isolated anion 
vacancies, isolated cation vacancies, isolated 
impurity ions, nearest neighbor vacancies 
of opposite electric charge (divacancies) and 
nearest neighbor impurity-vacancy complexes 
[1]. Originally these defects were treated as 
noninteracting particles located at appropriate 
lattice sites (the presence of divacancies and 
complexes was not assumed) and the defect 
concentrations were obtained from statistical 
mechanics. Subsequently the defects were 
allowed to interact with oppositely charged 
defects located at nearest neighbor lattice 
sites and the concentrations of divacancies 
and complexes were included in the analysis 
of experimental data. In 1954, Lidiard 
improved the theory of ionic conductivity by 
including the long-range Coulomb interac- 
tions between isolated defects [2J. Lidiard 
obtained closed-form equations for ionic 
conductivity by using the Debye-Hiickel 
approximation for the Coulomb interactions. 
Recently these equations have become more 
widely used in the analysis of ionic conduc- 
tivity dataf3*-5]. Now nonrandom deviations 
between the Lidiard-Debye-Hiickel equa- 
tions (LDH) and experimental ionic transport 
data have been reported [4-6], This has 
on the one hand led to speculation about 
other defects being important in ionic trans- 
port phenomena. Cation Frenkel defects [4*6] 
and cation trivacancies[5-7] have both been 
discussed in recent conductivity and diffusion 
papers. On the other hand, the deviations 
between experiments and the LDH equations 
may arise from the assumptions and approxi- 
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mations implicit in those equalions[8,9]. In 
particular, the LDH derivalion[2] assumes 
that the Helmholtz free energy of an alkali 
halide crystal can be written as the sum of two 
parts: (a) a configurational term directly 
dependent on the presence of impurities and 
(b) a vibrational term which is independent 
of the arrangement of the impurities and 
vacancies in the lattice. This paper presents 
an alternative to the assumption that the vibra- 
tional term of the free energy is independent 
of the arrangement of the impurities and 
vacancies. 

We begin by dealing with the cation sub- 
lattice of an alkali halide crystal containing 
rii impurity ions and ric vacant lattice sites. 
The impurities and vacancies are assumed 
to interact with energy -B and hence form a 
number rtn of bound impurity-vacancy 
complexes. We further assume that there is 
a definite change in vibrational motion when 
an impurity moves from an isolated site to a 
bound site near a vacancy. We treat this 
change in vibrational motion in the Einstein 
approximation, i.e. each impurity ion is an 
independent oscillator with the same fre- 
quency, but a different frequency is assigned 
to the bound impurity ions (complexes) than 
to the isolated impurity ions. The isolated 
impurity ions vibrate in shallow potential 
wells with energy level spacings of hoii 
and the tightly bound impurity ions vibrate 
in deep potential wells with energy level spac- 
ings of^WfellO). 

In general, when Cj states of energy €j are 
available for N particles subject to Boltzmann 
statistics the number found in the jth slate is 
given by (1 1) 

fij = Cj exp(— a— /3€j). (1) 

In the present situation this becomes 
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and 


(r/,)jexp(-a-y/3^(u/J (3) 

with c'k = Ztir where Z is the number of 
possible hound sites near a vacancy and n,. is 
the number of cation vacancies and 
i i = N -Zn,. where N is the total number of 
sites available. When equations (2) and (3) 
are summed over j the following results are 
ohiamed. 


//v = ZfirC " I -- e ' (4) 

tif — fh — {N — Znr)^ 'M I ^ e ' (5) 


where is identified as (kT)~\ Then equa- 
tions (4) and (5) can be cast into a form 
similar to the usual law of mass action 
equation for complex concentration. 


{_N - 

ln,-rh)nr 


Z exp(fl/A T) 


method of least squares with eleven adjustable 
parameters. In that analysis values were 
obtained for a jump attempt frequency w, 
for an impurity-vacancy binding energy 5, 
expressed as an enthalpy minus the tempera- 
ture-entropy product, and for the cation 
migration enthalpy and entropy. 

To compare least square analyses of experi- 
mental data using two different sets of 
theoretical equations, i.e. the LDH equations 
and the LDH equations modified by equation 
(6), it is desirable to use the same number of 
adjustable parameters in each analysis. So 
values for the quantities in equation (6) that 
do not appear in the LDH equations were 
estimated in terms of L-DH parameters. 
These estimates were obtained from Einstein 
oscillator models of the isolated and bound 
impurity ions. The jump attempt w as deter- 
mined from the LDH analysis of the conduc- 
tivity was taken as the average of the 
potassium and chlorine ion vibration fre- 
quencies and was related to the masses of the 
potassium (Mk) and chlorine {M( j) ions by the 
following equations: 


I -exp(-Auo/7A7 ) 1 
[j -expM(VA'7) ■ 

1 he term in square brackets results from 
allowing the ctystal energy to be dependent 
upon the arrangements of the impurities in 
the lattice. The LDH result is readily incor- 
porated into our result by replacing the 
cxp{BlkT) term in equation (6) by the more 
complete expression from the LDH equation 
(Sec for example equation (12) (2| ). 

An illustration of the usefulness of equation 
(6) can be found in the analysis of the tem- 
perature dependence of the ionic conductivity 
of an alkali halide crystal containing a divalent- 
cation impurity. For example, an analysis of 
the conductivity data for a KCLSrCL crystal 
containing 37 S ppm mole fraction of stron- 
tium has already been reported[5]. The data 
was filled to the LDH equations by the 


and the Einstein frequency a>^ for an isolated 
Sr ion was estimated to be 




0-65w. 


( 8 ) 


The binding energy B as determined from 
the least squares analysis was related to (jdk 
and 0 )^, in a simple harmonic approximation. 
It seems reasonable that the particles in 
deeper traps would vibrate with higher 
frequency. I'o simply estimate the frequency 
difference let us assume that both bound and 
isolated impurity ions oscillated with a 
maximum displacement of al2, The two oscil- 
lators were taken to have force constants of 
and respectively. Further- 

more, the lowest energy levels of the two 
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Table 1 . Results of analyses of conductivity of KO : SrCl 2 crystal containing 

375 ppm Sr 


Ouanlily 

Our result LDH theory 
modified by equation (6) 

!.DHtheory[5] 

Cation vacancy migration enthalpy (eV) 

0*74 

0-74 

Cation vacancy migration entropy 

2'4it 

2'Ak 

Divalenl-calion-impuniy-cation- 

0*66 

0-60 

vacancy binding enthalpy (c V) 

Divalent-cation-impunty-cation- 

2*3; 

2-U 

vacancy binding entropy 

Jump attempt frequency w( see ') 

37*1 X 10** 

37*7 X 10'* 

Average rms fractional deviation 

0*33% 

0*67% 



Fig. 1, Per ccnl dcMation as a function of temperature for the 
KCI crystal containing 375 ppm Sr. #. per cent deviation be- 
tween theoretical and experimental values of conductivity with 
Lidiard-Oebye-Hiickel theory. 0. per cent deviation between 
theoretical and experimental values of conductivity with the 
I idiard-Debye-Huckel theory modified by the square bracketed 
term in equation (6). 


oscillators differ by an energy of ^[10|. 
On the basis of such a model the following 
relationship can be derived for w/,. and ojj: 

+ yB (9) 

where 

( 10 ) 

A value of 207 X 10'^'* sec'*^ e V“‘ for y gave the 
best fit to the experimental data. This leads 
to ^3/2 — 0*10A, a reasonable value for the 
maximum displacement amplitude, and to 
= 26*6 X 10’'^ sec~^ at room temperature 
as compared to 24* I x 10’’^ sec*^ for co,^. 


The results of analyses before and after 
inclusion of equation (6) are shown in terms 
of parameter values in Table 1 and in terms of 
the per cent deviation between theoretical 
and experimental values of conductivity as a 
function of temperature in Hig. 1. (The com- 
plete discussion of the computer analysis 
procedure is contained in [5].) The theoretical 
values of ionic conductivity calculated with 
the LDH equations modified by equation (6) 
do provide the better fit to the experimental 
conductivity data, and reduce the rms percent 
deviation from 0*67 to 0*33 per cent. 

In summary an equation for the equilibrium 
concentration of impurity-vacancy complexes 
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has been derived- This derivation has in- 
cluded the dependence of the vibrational term 
of the crystal free energy upon the arrange- 
ment of the impurity ions. The vibrational 
changes in a simple Einstein approximation 
have been incorporated into the equation for 
complex concentration. It is encouraging 
to note that even in this simple approximation 
the resulting equations for ionic transport are 
more in accord with experimental data than 
transport equations which neglect the vibra- 
tional effects of the arrangement of the 
impurity ions. 


Aik/iouiri!i^n’me/7i.\ - I he iiiithors grutefiilly iicknowledge 
helpful discussions wirh Drs Muniiel Gome/ ami 
Michac/M Kcilly. 
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Mossbauer resonant absorption in the Garnet- 
type compound ferric molybdate 

{Received () December 1968) 

Recent discussion of the crystal structure 
of ferric molybdate, Fe 2 (MoO^);i, has emphas- 
ized the presence of the garnet pattern and 
the relationship of this compound to other 
iso-structural natural and synthetic garnets 
[1,2]. Since we recently measured Moss- 
bauer spectra for a series of natural garnets, 
and spectra have been published for a variety 
of synthetic ferrimagnetic garnets, we felt 
that it would be of interest to study the 
Mbssbauer absorption spectrum for this 
compound, 

The experimental procedure was conven- 
tional. An Austin Science Associates Mdss- 
bauer spectrometer with flyback adaptation 
was used in conjunction with a 400 channel 
Victoreen pulse height analyzer. A 50-mCi 
source of Co’‘' in copper foil was used. 
Measurements were made using a standard 
transmission geometry and both source and 
absorber were at room temperature. Samples 
of ferric molybdate were made available to 
us by the Climax Molybdenum Company 
Research Laboratory, Ann Arbor, Michigan. 
The andradite garnet measured for comparison 
purposes originated at Stanley Butte, Graham 
County, Arizona, and was obtained from 
Southwest Scientific Company, Hamilton, 
Montana. The absorbers were prepared by 
forming hot molded Incite discs with the 
powdered sample material distributed 
uniformly throughout the Incite. Each 
absorber had a sample areal density of 
38 mgIcmK 

In garnets such as the yttrium iron garnet, 
Y/^Fe 2 ‘’^(Fe'^'^ 04 ) 3 , or the andradite, 
Ca/^Fe.L^+(Si^^ 04 )a, the first cation in the 
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Table 1. Mossbauer parameters for octahedral ferric iron in 
GarneHype compounds 



Isomer shift* 
(mm/sec) 

Electric quadrupole 
splitting 
(mm/sec) 

Ferric molybdate 

-^■0•39±0■03 

0-25 ±0-06 

Andradite garnet 

+ 0-38 + 0 03 

057 ±0-03 

YbIG, octahedral sitet 

0-44 

0-50 

YIG, octahedral sitet 

0-40 

0-52 


* Isomer shifts arc reported with respect to the center of the iron spectrum, 
t Adapted from reference 14], 


formulas (Y or Ca) has eight-fold coordina- 
tion, the second (Fe^’O. octahedral coordina- 
tion, and the third or Si), tetrahedral 
coordination. In ferric molybdate, the 
eight-fold coordinated cations are missing. 
The ferric ions are in octahedral coordination 
to oxygen, and the Mo*^^ ions are tetrahedrally 
coordinated to oxygen [ 1, 2J. This results in a 
structure with the Fe oclahedra and the Mo 
tetrahedra linked at their vertices. This 
arrangement of the octahedra is similar to the 
case of grossularite, Ca;jAl 2 (SiOi);i, or andrad- 
ile. In the ferric molybdate structure, four Fe 
octahedra have been distinguished f 1 ,2J. 

A spectrum of ferric molybdate is shown in 
Fig. I. For comparison purposes a spectrum 
of an andradite garnet, which was measured 
under similar conditions, is shown in Fig. 2, 
From these spectra it is clear that the environ- 
ments of the ferric ions are quite different in 
these two compounds. The spectrum of 
ferric molybdate consists of a superposition 
of unresolved absorption peaks. The separa- 
tions in energy resulting from electric quad- 
rupole interactions of the ferric ions at the 
octahedral sites, and from possibly different 
isomer shifts at different sites, are not suffic- 
iently large compared to the line width to 
resolve the individual lines from each other. 

On the basis of the Mossbauer spectra 
observed for ferric molybdate, it can be 
concluded that all iron sites in this compound 
have isomer shifts of approximately +0’39 
mm/sec. (All velocities are quoted with 


respect to the center of the iron spectrum.) 
This is in the range typical for high spin 
ferric iron [3^, and, within experimental 
error, is equal to the measured isomer 
shift for andradite garnet [3]. The ferric ions 
at the octahedral sites in synthetic ferri- 
magnetic rare earth iron garnets also exhibit 
a comparable isomer shift [41. Therefore, 
it appears that the electronic charge density 
at the nucleus of the octahedral ly coordinated 
ferric ions in these garnet-type compounds 
does not differ appreciably between the ferri- 
magnetic and paramagnetic compounds, and, 
in fact, is not affected appreciably by the 
complete absence of the eight-coordinated 
cations in structures of this type. 

We have not attempted computer fitting of 
the spectrum to distinguish four sites as this 
does not appear to be justified by the data. 
The most straightforward interpretation of 
this absorption spectrum is that all of the iron 
atoms in this crystal structure exhibit very 
nearly the same isomer shift and have electric 
quadrupole splittings near the value listed 
in Table I. This latter parameter (which would 
be the full peak separation in the case of a 
simple doublet, or twice the level shift) 
is approximately 0*25 mm/sec, an unusually 
small value. The andradite garnet exhibits 
an electric quadrupole splitting that is more 
than twice as large, being equal to approx- 
imately 0-57 mm/sec, a value that is compar- 
able to the electric quadrupole splittings 
present for the octahedrally coordinated 








